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(7) ABSTRACT

A system for detecting blood pressure based on imaging
photoplethysmography (iPPG) includes a first inward-facing
head-mounted camera to capture images of a first region of
interest located on the face below the eyes and above the lips
(IMgon) of a user, and a second inward-facing head-
mounted camera to capture images of a second region of
interest comprising a portion of a temple and/or forehead
(IMgop2) of the user. The system further includes a computer
to calculate a blood pressure value for the user based on first
and second photoplethysmographic signals recognizable in
Mzop and IMgop.
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BACKGROUND

[0010] Elevated blood pressure is a significant cause of
death and disability in the world. Attaining accurate blood
pressure measurements is vital in the prevention and treat-
ment of various blood-pressure-related diseases. However,
continuous monitoring with existing blood pressure moni-
tors (e.g., cuff-based devices) can be difficult, uncomfort-
able, and impractical to perform in real-world settings (e.g.,
at work, while commuting, etc.). Thus, there is a need to a
way to continuously monitor blood pressure in a comfort-
able way.

SUMMARY

[0011] Some aspects of this disclosure include various
head-mounted systems (e.g., smartglasses) that measure
physiological signals, such as heart rate and/or blood pres-
sure, by analyzing images captured using non-contact head-
mounted cameras in a technique often referred to as imaging
photoplethysmography (iPPG) or remoted photoplethys-
mography (rPPG). Blood flow due to a cardiac pulse cause
detectible phenomena in captured images of the skin. These
changes are generally attributed to blood volume effects
(light modulations due to the varying amount of blood in the
measured volume) and ballistocardiographic effects (e.g.,
movements of arteries and skin due to pulsating blood). The
image changes due to the pulse can be detected using various
techniques, and can enable algorithms to pinpoint when a
pulse wave reaches an imaged region of the body. This time
is typically referred to as the Pulse Arrival Time (PAT). The
speed at which a pulse reaches a region is correlated with the
blood pressure; the faster the pulse wave, the higher the
blood pressure. The speed at which the pulse travels in the
body is also referred to as the Pulse Transit Time (PTT).
[0012] Some embodiments described herein involve
inward-facing and/or outward facing cameras that are used
to capture images of the body which undergo detectable
changes due to peripheral blood flow. Analysis of these
images can be used to calculate PATs at multiple locations,
which can be used to detect various physiological signals,
such as heart rate, heart rate variability, and/or blood pres-
sure.

[0013] In one embodiment, a system configured to calcu-
late blood pressure includes at least a first inward-facing
head-mounted camera (HCAM,) configured to capture
images of a first region of interest (ROI, ) located on the face
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below the eyes and above the lips (IMy ;) of a user, and a
second inward-facing head-mounted camera (HCAM,) con-
figured to capture images of a second region of interest
(ROL,) comprising a portion of a temple and/or forehead
(IMgop) of the user. Optionally, the center of ROI, is
located more than 6 cm away from the center of ROL,;
whereby changes in IM,,,, that are due to a cardiac pulse
wave occur at least 10 ms before, or at least 10 ms after,
changes in IM,,,,, occur, which are due to the same cardiac
pulse wave. The system also includes a computer configured
to calculate a blood pressure value for the user based on first
and second imaging photoplethysmographic signals (iPPG,,
iPPG,) recognizable in IM,,, and IM,,,,, respectively.
Optionally, iPPG, and iPPG, are indicative of pulse arrival
times at ROI, and ROL,, respectively. Optionally, the com-
puter is further configured to extract iPPG, and iPPG, from
Mg on and IMgp, respectively, and to calculate the blood
pressure value based on a magnitude of a difference in the
pulse arrival times at ROI, and ROL,. Optionally, the com-
puter is further configured to utilize calibration measure-
ments of the user’s blood pressure, taken by a different
device, to calculate parameters that are utilized by the
computer to calculate the blood pressure value based on
iPPG, and iPPG,; whereby the calibration measurements are
indicative of the differences between the pulse arrival times
at RO, and RO, that correspond to different blood pressure
values of the user. Optionally, the computer is configured to
generate feature values based on data comprising My,
and IMyp, and to utilize a model to calculate the blood
pressure value based on the feature values, where the model
was generated based on training data comprising: previously
taken IM,,, and IM,,,, and blood pressure values mea-
sured at times corresponding to the previously taken My,
and IMzp-

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The embodiments are herein described by way of
example only, with reference to the following drawings:
[0015] FIG. 1a and FIG. 15 illustrate various inward-
facing head-mounted cameras coupled to an eyeglasses
frame;

[0016] FIG. 2 illustrates inward-facing head-mounted
cameras coupled to an augmented reality device;

[0017] FIG. 3 illustrates head-mounted cameras coupled
to a virtual reality device;

[0018] FIG. 4 illustrates a side view of head-mounted
cameras coupled to an augmented reality device;

[0019] FIG. 5 illustrates a side view of head-mounted
cameras coupled to a sunglasses frame;

[0020] FIG. 6, FIG. 7, FIG. 8 and FIG. 9 illustrate head-
mounted systems (HMSs) configured to measure various
ROIs relevant to some of the embodiments describes herein;
[0021] FIG. 10, FIG. 11, FIG. 12 and FIG. 13 illustrate
various embodiments of systems that include inward-facing
head-mounted cameras having multi-pixel sensors (FPA
Sensors);

[0022] FIG. 14a, FIG. 14b, and FIG. 14c¢ illustrate
embodiments of two right and left clip-on devices that are
configured to attached/detached from an eyeglasses frame;
[0023] FIG. 15a and FIG. 155 illustrate an embodiment of
a clip-on device that includes inward-facing head-mounted
cameras pointed at the lower part of the face and the
forehead,;
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[0024] FIG. 16a and FIG. 165 illustrate an embodiment of
a single-unit clip-on device that is configured to be attached
behind an eyeglasses frame;

[0025] FIG. 17¢ and FIG. 175 illustrate embodiments of
right and left clip-on devices that are configured to be
attached behind an eyeglasses frame;

[0026] FIG. 18 illustrates embodiments of right and left
clip-on devices, which are configured to be attached/de-
tached from an eyeglasses frame, and have protruding arms
to hold inward-facing head-mounted cameras;

[0027] FIG. 19a is a schematic illustration of an inward-
facing head-mounted camera embedded in an eyeglasses
frame, which utilizes the Scheimpflug principle;

[0028] FIG. 194 is a schematic illustration of a camera that
is able to change the relative tilt between its lens and sensor
planes according to the Scheimpflug principle;

[0029] FIG. 20 illustrates an embodiment of a system
configured to calculate blood pressure that includes at least
two inward-facing HCAMs;

[0030] FIG. 21 illustrates one embodiment of a system
configured to calculate blood pressure, which includes
inward-facing HCAMs as well as outward-facing HCAMs;
and

[0031] FIG. 22a and FIG. 225 are schematic illustrations
of possible embodiments for computers.

DETAILED DESCRIPTION

[0032] “Visible-light camera” refers to a non-contact
device designed to detect at least some of the visible
spectrum, such as a video camera with optical lenses and
CMOS or CCD sensor. A “thermal camera” refers herein to
a non-contact device that measures electromagnetic radia-
tion having wavelengths longer than 2500 nanometer (nm)
and does not touch its region of interest (ROI). A thermal
camera may include one sensing element (pixel), or multiple
sensing elements that are also referred to herein as “sensing
pixels”, “pixels”, and/or focal-plane array (FPA). A thermal
camera may be based on an uncooled thermal sensor, such
as a thermopile sensor, a microbolometer sensor (where
microbolometer refers to any type of a bolometer sensor and
its equivalents), a pyroelectric sensor, or a ferroelectric
Sensor.

[0033] A reference to a “camera” herein may relate to
various types of devices. In one example, a camera is a
visible-light camera. In another example, a camera may
capture light in the ultra-violet range. And in another
example, a camera may capture near infrared radiation (e.g,,
wavelengths between 750 and 2000 nm).

[0034] In some embodiments, a device, such as a camera,
may be positioned such that it occludes an ROI on the user’s
face, while in other embodiments, the device may be posi-
tioned such that it does not occlude the ROI. Sentences in the
form of “the system/camera does not occlude the ROI”
indicate that the ROI can be observed by a third person
located in front of the user and looking at the ROI, such as
illustrated by all the ROIs in FIG. 7 and FIG. 11. Sentences
in the form of “the system/camera occludes the ROI”
indicate that some of the ROIs cannot be observed directly
by that third person, such as ROIs 19 and 37 that are
occluded by the lenses in FIG. 1a, and ROIs 97 and 102 that
are occluded by cameras 91 and 96, respectively, in FIG. 9.
[0035] Although some of the disclosed embodiments can
use occluding cameras successfully, in certain scenarios,
such as when using an HMS on a daily basis and/or in a
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normal day-to-day setting, using cameras that do not
occlude their ROIs on the face may provide one or more
advantages to the user, to the HMS, and/or to the cameras,
which may relate to one or more of the following: esthetics,
better ventilation of the face, reduced weight, simplicity to
wear, ability to operate without active illumination, and
reduced likelihood to being tarnished.

[0036] The term “inward-facing head-mounted camera”
refers to a camera configured to be worn on a user’s head and
to remain pointed at its ROI, which is on the user’s face, also
when the user’s head makes angular and lateral movements
(such as movements with an angular velocity above 0.1
rad/sec, above 0.5 rad/sec, and/or above 1 rad/sec). A
head-mounted camera (which may be inward-facing and/or
outward-facing) may be physically coupled to a frame worn
on the user’s head, may be attached to eyeglass using a
clip-on mechanism (configured to be attached to and
detached from the eyeglasses), or may be mounted to the
user’s head using any other known device that keeps the
camera in a fixed position relative to the user’s head also
when the head moves. Sentences in the form of “camera
physically coupled to the frame” mean that the camera
moves with the frame, such as when the camera is fixed to
(or integrated into) the frame, or when the camera is fixed to
(or integrated into) an element that is physically coupled to
the frame.

[0037] Sentences in the form of “a frame configured to be
worn on a user’s head” or “a frame worn on a user’s head”
refer to a mechanical structure that loads more than 50% of
its weight on the user’s head. For example, an eyeglasses
frame may include two temples connected to two rims
connected by a bridge; the frame in Oculus Rift™ includes
the foam placed on the user’s face and the straps; and the
frames in Google Glass™ and Spectacles by Snap Inc. are
similar to eyeglasses frames. Additionally or alternatively,
the frame may connect to, be affixed within, and/or be
integrated with, a helmet (e.g., sports, motorcycle, bicycle,
and/or combat helmets) and/or a brainwave-measuring
headset.

[0038] When a camera is inward-facing and head-
mounted, challenges faced by systems known in the art that
are used to acquire images, which include non-head-
mounted cameras, may be simplified and even eliminated
with some of the embodiments described herein. Some of
these challenges may involve dealing with complications
caused by movements of the user, image registration, ROI
alignment, tracking based on markers, and/or motion com-
pensation.

[0039] In various embodiments, cameras are located close
to auser’s face, such as at most 2 cm, 5 cm, 10 cm, 15 cm,
or 20 cm from the face (herein “cm” denotes to centimeters).
The distance from the face/head in sentences such as “a
camera located less than 10 cm from the face/head” refers to
the shortest possible distance between the camera and the
face/head. The head-mounted cameras used in various
embodiments may be lightweight, such that each camera
weighs below 10 g, 5 g, 1 g, and/or 0.5 g (herein “g” denotes
to grams).

[0040] The following figures show various examples of
HMSs equipped with head-mounted cameras. FIG. 1a illus-
trates various inward-facing head-mounted cameras coupled
to an eyeglasses frame 15. Cameras 10 and 12 measure
regions 11 and 13 on the forehead, respectively. Cameras 18
and 36 measure regions on the periorbital areas 19 and 37,
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respectively. The HMS further includes an optional com-
puter 16, which may include a processor, memory, a battery
and/or a communication module. FIG. 15 illustrates a simi-
lar HMS in which inward-facing head-mounted cameras 48
and 49 measure regions 41 and 41, respectively. Cameras 22
and 24 measure regions 23 and 25, respectively. Camera 28
measures region 29. And cameras 26 and 43 measure regions
38 and 39, respectively.

[0041] FIG. 2 illustrates inward-facing head-mounted
cameras coupled to an augmented reality device such as
Microsoft HoloLens™. FIG. 3 illustrates head-mounted
cameras coupled to a virtual reality device such as Face-
book’s Oculus Rift™. FIG. 4 is a side view illustration of
head-mounted cameras coupled to an augmented reality
device such as Google Glass™. FIG. 5 is another side view
illustration of head-mounted cameras coupled to a sun-
glasses frame.

[0042] FIG. 6 to FIG. 9 illustrate HMSs configured to
measure various ROIs relevant to some of the embodiments
describes herein. FIG. 6 illustrates a frame 35 that mounts
inward-facing head-mounted cameras 30 and 31 that mea-
sure regions 32 and 33 on the forehead, respectively. FIG. 7
illustrates a frame 75 that mounts inward-facing head-
mounted cameras 70 and 71 that measure regions 72 and 73
on the forehead, respectively, and inward-facing head-
mounted cameras 76 and 77 that measure regions 78 and 79
on the upper lip, respectively. FIG. 8 illustrates a frame 84
that mounts inward-facing head-mounted cameras 80 and 81
that measure regions 82 and 83 on the sides of the nose,
respectively. And FIG. 9 illustrates a frame 90 that includes
(1) inward-facing head-mounted cameras 91 and 92 that are
mounted to protruding arms and measure regions 97 and 98
on the forehead, respectively, (ii) inward-facing head-
mounted cameras 95 and 96, which are also mounted to
protruding arms, which measure regions 101 and 102 on the
lower part of the face, respectively, and (iii) head-mounted
cameras 93 and 94 that measure regions on the periorbital
areas 99 and 100, respectively.

[0043] FIG. 10 to FIG. 13 illustrate various inward-facing
head-mounted cameras having multi-pixel sensors (FPA
sensors), configured to measure various ROIs relevant to
some of the embodiments describes herein. FIG. 10 illus-
trates head-mounted cameras 120 and 122 that measure
regions 121 and 123 on the forehead, respectively, and
mounts head-mounted camera 124 that measure region 125
on the nose. FIG. 11 illustrates head-mounted cameras 126
and 128 that measure regions 127 and 129 on the upper lip,
respectively, in addition to the head-mounted cameras
already described in FIG. 10. FIG. 12 illustrates head-
mounted cameras 130 and 132 that measure larger regions
131 and 133 on the upper lip and the sides of the nose,
respectively. And FIG. 13 illustrates head-mounted cameras
134 and 137 that measure regions 135 and 138 on the right
and left cheeks and right and left sides of the mouth,
respectively, in addition to the head-mounted cameras
already described in FIG. 12.

[0044] In some embodiments, the head-mounted cameras
may be physically coupled to the frame using a clip-on
device configured to be attached/detached from a pair of
eyeglasses in order to secure/release the device to/from the
eyeglasses, multiple times. The clip-on device holds at least
an inward-facing camera, a processor, a battery, and a
wireless communication module. Most of the clip-on device
may be located in front of the frame (as illustrated in FIG.
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144, FI1G. 155, and FIG. 18), or alternatively, most of the
clip-on device may be located behind the frame, as illus-
trated in FIG. 175 and FIG. 165.

[0045] FIG. 14a, FIG. 145, and FIG. 14c¢ illustrate two
right and left clip-on devices 141 and 142, respectively,
configured to attached/detached from an eyeglasses frame
140. The clip-on device 142 includes an inward-facing
head-mounted camera 143 pointed at a region on the lower
part of the face (such as the upper lip, mouth, nose, and/or
cheek), an inward-facing head-mounted camera 144 pointed
at the forehead, and other electronics 145 (such as a pro-
cessor, a battery, and/or a wireless communication module).
The clip-on devices 141 and 142 may include additional
cameras illustrated in the drawings as black circles.

[0046] FIG. 15a and FIG. 155 illustrate a clip-on device
147 that includes an inward-facing head-mounted camera
148 pointed at a region on the lower part of the face (such
as the nose), and an inward-facing head-mounted camera
149 pointed at the forehead. The other electronics (such as
a processor, a battery, and/or a wireless communication
module) is located inside the box 150, which also holds the
cameras 148 and 149.

[0047] FIG. 17a and F1G. 1754 illustrate two right and left
clip-on devices 160 and 161, respectively, configured to be
attached behind an eyeglasses frame 165. The clip-on device
160 includes an inward-facing head-mounted camera 162
pointed at a region on the lower part of the face (such as the
upper lip, mouth, nose, and/or cheek), an inward-facing
head-mounted camera 163 pointed at the forehead, and other
electronics 164 (such as a processor, a battery, and/or a
wireless communication module). The clip-on devices 160
and 161 may include additional cameras illustrated in the
drawings as black circles.

[0048] FIG. 16a and FIG. 165 illustrate a single-unit
clip-on device 170, configured to be attached behind an
eyeglasses frame 176. The single-unit clip-on device 170
includes inward-facing head-mounted cameras 171 and 172
pointed at regions on the lower part of the face (such as the
upper lip, mouth, nose, and/or cheek), inward-facing head-
mounted cameras 173 and 174 pointed at the forehead, a
spring 175 configured to apply force that holds the clip-on
device 170 to the frame 176, and other electronics 177 (such
as a processor, a battery, and/or a wireless communication
module). The clip-on device 170 may include additional
cameras illustrated in the drawings as black circles.

[0049] FIG. 18 illustrates two right and left clip-on
devices 153 and 154, respectively, configured to attached/
detached from an eyeglasses frame, and having protruding
arms to hold the inward-facing head-mounted cameras.
Head-mounted camera 155 measures a region on the lower
part of the face, head-mounted camera 156 measures regions
on the forehead, and the left clip-on device 154 further
includes other electronics 157 (such as a processor, a battery,
and/or a wireless communication module). The clip-on
devices 153 and 154 may include additional cameras illus-
trated in the drawings as black circles.

[0050] It is noted that the elliptic and other shapes of the
ROIs in some of the drawings are just for illustration
purposes, and the actual shapes of the ROIs are usually not
as illustrated. It is possible to calculate the accurate shape of
an ROI using various methods, such as a computerized
simulation using a 3D model of the face and a model of a
head-mounted system (HMS) to which a camera is physi-
cally coupled, or by placing a LED instead of the sensor,
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while maintaining the same field of view (FOV) and observ-
ing the illumination pattern on the face. Furthermore, illus-
trations and discussions of a camera represent one or more
cameras, where each camera may have the same FOV and/or
different FOVs. Unless indicated to the contrary, the cam-
eras may include one or more sensing elements (pixels),
even when multiple sensing elements do not explicitly
appear in the figures; when a camera includes multiple
sensing elements then the illustrated ROT usually refers to
the total ROI captured by the camera, which is made of
multiple regions that are respectively captured by the dif-
ferent sensing elements. The positions of the cameras in the
figures are just for illustration, and the cameras may be
placed at other positions on the HMS.

[0051] Sentences in the form of an “ROI on an area”, such
as ROI on the forehead or an ROI on the nose, refer to at
least a portion of the area. Depending on the context, and
especially when using a camera having a small number of
pixels, the ROI may cover another area (in addition to the
area). For example, a sentence in the form of “an ROI on the
nose” may refer to either: 100% of the ROI is on the nose,
or some of the ROI is on the nose and some of the ROI is
on the upper lip.

[0052] The following is a description of embodiments of
systems involving head-mounted cameras, which may be
inward-facing or outward-facing cameras. An inward-facing
head-mounted camera is a camera that captures images
containing portions of a user’s own face, while typically, an
outward-facing camera will capture images that mostly do
not include portions of the face. Captured images may be
indicative of PATs at different regions. The PATs can be
different at different regions of the body, due to the different
distances of arterial pathways used by the blood to flow to
the different regions, and difference in blood vessel charac-
teristics (different diameters, elasticity, etc.). The difference
between PATs at the different regions is utilized, in some
embodiments, to calculate blood pressure values of the user.
[0053] In some embodiments, a system configured to
calculate blood pressure of a user includes at least first and
second head-mounted cameras (HCAMs), each configured
to capture images of a region of interest (ROI) on the user’s
body. Herein, images of an ROI are denoted 1M, and
images of multiple ROIs may be denoted IM,,,.. Option-
ally, each of the HCAMSs is physically coupled to a frame
worn on the user’s head, such as an eyeglasses frame, or a
frame of smartglasses or an extended reality device (i.e., an
augmented realty device, a virtual reality device, and/or
mixed reality device). The system also includes a computer
that calculates a blood pressure value for the user based on
imaging photoplethysmography (iPPG) signals recognizable
in IM,, captured by HCAMs.

[0054] Some embodiments described herein typically rely
on detecting PATs at multiple ROIs in order to calculate the
blood pressure, where at least two of the ROIs are typically
at least 5 cm away from each other, and/or the ROIs are on
different body parts. Because of the distance between the
ROIs and the fact that they may receive blood via different
pathways, the changes observed due to an arrival of a pulse
at a first ROI (ROI,) may occur at a different time than
changes observed due to the arrival of the pulse at a second
ROI (ROL,).

[0055] In one embodiment, the system that calculates
blood pressure of a user includes a first inward-facing
HCAM to capture images of a first ROI located on the face
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below the eyes and above the lips of the user (e.g., a
maxillary process ot the nose), and a second inward-facing
HCAM to capture images of a second ROI comprising a
portion of a temple and/or the forehead of the user. Option-
ally, at least one of the first and second HCAMs does not
occlude its respective ROI. Optionally, both the first and
second HCAMSs do not occlude their respective ROIs. In one
example, the center of the first ROI is located more than 6
cm away from the center of the second ROI, and changes in
images of the first ROI due to a cardiac pulse wave occur at
least 10 ms before, or at least 10 ms after, changes in images
of the second ROI occur (due to the same cardiac pulse
wave).

[0056] In one example, the second ROI comprises a por-
tion of the right temple and/or the right side of the forehead,
and the system includes a third inward-facing HCAM that
captures images of a third ROI comprising a portion of the
left temple and/or the left side forehead of the user. Option-
ally, the computer extracts from images of the third ROI an
1PPG signal, and utilizes it to calculate the blood pressure
value of the user (in addition to iPPG signals extracted from
images taken with the other cameras).

[0057] FIG. 20 illustrates one embodiment of a system
configured to calculate blood pressure that includes at least
two inward-facing HCAMs. The illustrated system includes
frame 540, to which several HCAMs are coupled. These
include inward-facing HCAMs 544a and 546a that are
coupled to the left side of the frame 540 and are configured
to capture images of ROIs 545a (portion left side of the
forehead) and 547a (portion of left side maxillary process),
respectively. Additionally, the illustrated system includes
inward-facing HCAMs 5445 and 5465 that are coupled to
the right side of the frame 540 and are configured to capture
images of ROIs 5455 (portion of right side of the forehead)
and 547b (portion of right side maxillary process), respec-
tively.

[0058] In another embodiment, the system that calculates
blood pressure of a user includes an inward-facing HCAM
to capture images of a first ROI that includes a portion of
exposed skin of the user’s face, and an outward-facing
HCAM to capture images of a second ROI that includes
exposed skin on a hand of the user (e.g., skin on the back of
the hand, or skin on the palm of the hand). Optionally, the
first ROI includes a portion of one or more of the following
body parts of the user: a jaw, a cheek, a maxillary process,
the nose, a skin around the eyes, a temple, and the forehead.
Optionally, the second ROI comprises a portion of exposed
skin located between the wrist and the fingertips. Optionally,
at least one of the first and second HCAMs does not occlude
its respective ROI. Optionally, both the first and second
HCAMs do not occlude their respective ROIs.

[0059] In one example, the center of the first ROI is
located more than 40 cm away from the center of the second
ROI, when the hand is stretched to the side, and changes in
images of the first ROI due to a cardiac pulse wave occur at
least 20 ms before, or at least 20 ms after, changes in images
of the second ROI occur (due to the same cardiac pulse
wave).

[0060] FIG. 21 illustrates one embodiment of a system
configured to calculate blood pressure, which includes
inward-facing HCAMs as well as outward-facing HCAMs.
The illustrated system includes frame 600, to which several
HCAMs are coupled. These include inward-facing HCAMs
602a and 6025 that are configured to capture images of ROIs
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603a and 6035 (portions of left and right sides of the
forehead, respectively). Additionally. the illustrated system
includes outward-facing HCAMs 604a and 6045. In the
illustration, at least one of HCAMs 604a and 6045 captures
images that include the user’s hand (ROT 605).

[0061] As opposed the ROIs on the face, which typically
do not change their positon with respect to an inward-facing
HCAM, an ROI that includes a portion of the hand may
change its position in M, (due to movements of the head
and/or hand), and may not appear in certain images at all.
Thus, in some embodiments, to detect what portions of
M0, include exposed skin located between the wrist and
the fingertips (e.g., palm or back of hand), and/or whether an
image includes portions of the user’s hand, the computer
may utilize various image detection algorithms known in the
art. Some examples of algorithmic approaches that may be
utilized are described in Kélsch et al., “Robust Hand Detec-
tion.” FGR. 2004,which describe hand detection using a
variant of the recognition method of Viola and Jones.
Another approach to hand detection is given by Mittal et al.,
“Hand detection using multiple proposals”, BMVC, 2011,
which describe a two-stage method for detecting hands and
their orientation in unconstrained images. Additional meth-
ods for detecting hands in images are reviewed in Erol et al.
“Vision-based hand pose estimation: A review”, Computer
Vision and Image Understanding 108.1-2 (2007): 52-73.
[0062] It is to be noted that while the majority of algo-
rithms for detecting hands in images are utilized with images
from cameras that are not head-mounted, the described
algorithmic approaches can work equally well for images
from HCAMSs, and/or be easily modified by one skilled in
the art to detect hands in IM,,,. For algorithms that utilize
machine learning methods, adapting algorithms for detec-
tion of hands to handle data from HCAMs may simply
involve collection of training data that includes 1My, and
annotations of the hands therein.

[0063] HCAMs utilized in embodiments described herein
are typically small and lightweight. In some embodiments,
an HCAM weighs below 10 g, or less than 2 g, and is
physically coupled to a frame configured to be worn on the
user’s head (e.g., a frame of glasses or and augmented reality
headset). The frame is configured to hold HCAM less than
10 cm from the user’s head. HCAM may involve various
types of sensors (sensing elements). In one example, HCAM
is a video camera that includes multiple CMOS or CCD
pixels. HCAMs may capture images at various rates. In one
example, the images taken by HCAM are captured at a
frame rate of at least 30 frames per second (fps). In another
example, the images are captured at a frame rate of at least
100 fps. In still another example, the images are captured at
a frame rate of at least 256 fps. In another embodiment,
HCAM is an angle-sensitive pixel sensor camera, weighing
less than 1 g. Some examples of angle-sensitive pixel sensor
cameras are described in US Patent Applications 2017/
0112376 and 2018/0031372, and in other publications by Dr.
Albert Wang and Dr. Patrick Gill.

[0064] Insomeembodiments, HCAM may capture light in
the near infrared spectrum (NIR). Optionally, HCAM may
include optics and sensors that capture light rays in at least
one of the following NIR spectrum intervals: 700-800 nm,
700-900 nm, or 700-1,000 nm. Optionally, the computer
may utilize data obtained in a NIR spectrum interval to
calculate the blood pressure (in addition to, or instead of,
data obtained from the visible spectrum). Optionally, the
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sensors may be CCD sensors and/or CMOS sensors
designed to be sensitive in the NIR spectrum.

[0065] In some embodiments, the system may include an
optical emitter configured to direct electromagnetic radia-
tion at the ROI. Optionally, the optical emitter comprises one
or more of the following: a laser diode (LD), a light-emitting
diodes (LED), and an organic light-emitting diode (OLED).
[0066] It is to be noted that when embodiments described
in this disclosure utilize optical emitters directed at a region
of interest (ROI), the optical emitter may be positioned in
various locations relative to the ROI. In some embodiments,
the optical emitter may be positioned essentially directly
above the ROI, such that electromagnetic radiation is emit-
ted at an angle that is perpendicular (or within 10 degrees
from being perpendicular) relative to the ROI. Optionally, a
camera may be positioned near the optical emitter in order
to capture the reflection of electromagnetic radiation from
the ROI. In other embodiments, the optical emitter may be
positioned such that it is not perpendicular to the ROI, and
optionally does not occlude the ROL In one example, the
optical emitter may be located at the top of a frame of a pair
of eyeglasses, and the ROI may include a portion of the
forehead. In another example, the optical emitter may be
located on an arm of a frame of a pair of eyeglasses, and the
ROI may be located above or below the arm.

[0067] Due to the proximity of HCAM to the face, in some
embodiments, there may be an acute angle between the
optical axis of HCAM and the ROI (e.g., when the ROI
includes a region on the forehead). In order to improve the
sharpness of IM,,,, HCAM may be configured to operate in
a way that takes advantage of the Scheimpflug principle. In
one embodiment, HCAM includes a sensor and a lens; the
sensor plane is tilted by a fixed angle greater than 2° relative
to the lens plane according to the Scheimpflug principle in
order to capture a sharper image when HCAM is worn by the
user (where the lens plane refers to a plane that is perpen-
dicular to the optical axis of the lens, which may include one
or more lenses). Optionally, HCAM does not occlude the
ROI. In another embodiment, HCAM includes a sensor, a
lens, and a motor; the motor tilts the lens relative to the
sensor according to the Scheimpflug principle. The tilt
improves the sharpness of M, when HCAM is worn by
the user. Additional details regarding the application of the
Scheimpflug principle are discussed further below.

[0068] Variations in the reflected ambient light may intro-
duce artifacts into images collected with HCAMs, which can
add noise to an iPPG signal extracted from the images. In
some embodiments, the system includes an outward-facing
HCAM, which is worn on the user’s head, and takes images
of the environment (IM,,). Optionally, this outward-facing
HCAM is located less than 10 cm from the user’s face and
weighs below 10 g, or below 2 g. Optionally, the outward-
facing HCAM may include optics that provide it with a wide
field of view. Optionally, the computer calculates the blood
pressure based on both IMy,; and M, In one example,
given that IM,,- is indicative of illumination towards the
face and IM,,,; is indicative of reflections from the face,
utilizing IM - can account, at least in part, for variations in
ambient light that, when left unaccounted, may possibly
lead, in some embodiments, to image artifacts that can lead
to less accurate calculations.

[0069] The computer is configured, in some embodiments,
to calculate a blood pressure value for the user based on
iPPG signals recognizable in IMy,. captured by HCAMs

Jul. 25,2019

(e.g., the first and second HCAMs in one of the embodi-
ments described above). Examples of computers that may be
utilized to perform this calculation are computer 400 or
computer 410 illustrated in FIG. 224 and FIG. 225, respec-
tively. Herein, sentences of the form “iPPG signal recog-
nizable in IMy ;" refer to effects of blood volume changes
due to pulse waves that may be extracted from a series of
images of an ROI. These changes may be identified and/or
utilized by a computer (e.g., in order to generate a signal
indicative of the blood volume at the ROI), but need not
necessarily be recognizable to the naked eye (e.g., because
of their subtlety, the short duration in which they occur, or
involvement of light outside of the visible spectrum).

[0070] In some embodiments, the blood pressure calcu-
lated by the computer may refer to one or more of the
following values: the systolic blood pressure of the user, the
diastolic blood pressure of the user, and the mean arterial
pressure (MAP) of the user. The computer may employ
various approaches for calculating the blood pressure, as
explained in further detail in embodiments described below.

[0071] The computer may utilize various preprocessing
approaches to assist in calculations and/or in extraction of an
iPPG signal from IM,,;. Optionally, IMy,,, may undergo
various preprocessing steps prior to being used by the
computer to detect the physiological response, and/or as part
of the process of the detection of the physiological response.
Some non-limiting examples of the preprocessing include:
normalization of pixel intensities (e.g., to obtain a zero-
mean unit variance time series signal), and conditioning a
time series signal by constructing a square wave, a sine
wave, or a user defined shape, such as that obtained from an
ECG signal or a PPG signal as described in U.S. Pat. No.
8,617.081.Additionally or alternatively, images may
undergo various preprocessing to improve the signal, such as
color space transformation (e.g.. transforming RGB images
into a monochromatic color or images in a different color
space), blind source separation using algorithms such as
independent component analysis (ICA) or principal compo-
nent analysis (PCA), and various filtering techniques, such
as detrending, bandpass filtering, and/or continuous wavelet
transform (CWT). Various preprocessing techniques known
in the art that may assist in extracting an iPPG signal from
M,y are discussed in Zaunseder et al. (2018), “Cardiovas-
cular assessment by imaging photoplethysmography-a
review”, Biomedical Engineering 63(5), 617-634. An
example of preprocessing that may be used in some embodi-
ments is given in U.S. Pat. No. 9,020,185, titled “Systems
and methods for non-contact heart rate sensing”, which
describes how a times-series signals obtained from video of
auser can be filtered and processed to separate an underlying
pulsing signal by, for example, using an ICA algorithm.

[0072] Calculating the blood pressure may be done in
various approaches. In one example, iPPG signals are
extracted from 1My, and utilized to directly calculate PATs
at different ROIs. Optionally, a PAT calculated from an iPPG
signal represents a time at which the value representing
blood volume (in the waveform represented in the iPPG)
begins to rise (signaling the arrival of the pulse). Alterna-
tively, the PAT may be calculated as a different time, with
respect to the waveform, such as the time at which a value
representing blood volume reaches a maximum or a certain
threshold, or the PAT may be the average of the time the
blood volume is above a certain threshold. Another approach
that may be utilized to calculate the PAT from an iPPG is
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described in Sola et al. “Parametric estimation of pulse
arrival time: a robust approach to pulse wave velocity”,
Physiological measurement 30.7 (2009): 603, which
describe a family of PAT estimators based on the parametric
modeling of the anacrotic phase of a pressure pulse.

[0073] Ttis to be noted that while the prior art approaches
involve analysis of video obtained from cameras that are not
head-mounted, and are typically more distant from their ROT
than the inward-facing HCAMs herein, and are possibly at
different orientations relative to the ROI, the computational
approaches described in the prior art used to detect pulse
wave arrivals can be readily adapted by one skilled in the art
to handle IM,,,. In some cases, embodiments described
herein may provide video in which a desired signal is more
easily detectable compared to some of the prior art
approaches. For example, given the typically short distance
from an inward-facing HCAM to the ROI, the ROI is
expected to cover a larger portion of the images in 1My,
compared to images obtained by video cameras in some of
the prior art references. Additionally, due to the proximity of
an inward-facing HCAM to the RQOI, additional illumination
that is required in some prior art approaches, such as
illuminating the skin for a pulse oximeter to obtain a
photoplethysmographic (PPG) signal, may not be needed.
Furthermore, given an inward-facing HCAM’s fixed loca-
tion and orientation relative to the ROI (even when the user
makes lateral and/or angular movements), many pre-pro-
cessing steps that need to be implemented by the prior art
approaches, such as image registration and/or face tracking,
are extremely simplified in some of the embodiments
described herein, or may be foregone altogether.

[0074] Calculating the blood pressure may be done in
different ways, in different embodiments. In some embodi-
ments, the blood pressure may be calculated based on a
difference in PATs at different ROIs. In one example, first
and second ROIs, denoted ROI, and ROL,, are imaged using
respective HCAM, and HCAM,, to obtain IMg,,, and
IMops respectively. Using various processing approaches
described above, the computer extracts two iPPG signals
(denoted iPPG, and iPPG,) from IMg,; and IMg,p,
respectively. The PATs are extracted from iPPG, and iPPG,.
The difference At=t,—t,, between t, (a PAT at ROI,) and t,
(a PAT at ROL,), can be utilized directly to calculate the
blood pressure. The calculation of the blood pressure relies
on the fact that the magnitude of At is inversely proportional
to the pulse wave velocity (that is directly correlated to the
blood pressure). Thus, a smaller At corresponds to a larger
blood pressure value. In one example, the transformation
from At to a blood pressure value is a linear transformation
of the form BP=a/At+b (where a and b are fixed parameters).
In other examples, a nonlinear transformation may be uti-
lized to convert At to a blood pressure value.

[0075] In some embodiments, due the each person’s
unique layout of the circulatory system, it might not be
accurate to directly convert At to blood pressure value with
fixed, general parameters (e.g., use the same parameters for
different users). Optionally, in order to improve accuracy of
blood pressure calculations, the computer may utilize cali-
bration values that can help account for a user’s specific
circulatory system characteristics. Optionally, calibration
values include measurements of the user’s blood pressure,
taken by a different device (e.g., a cuff-based blood pressure
monitoring system). These measurements, along with the At
values calculated from iPPG signals taken at the same time
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the blood pressure measurements were taken, can be used to
calculate parameters, such as coefficients of linear or non-
linear transformations between At and blood pressure val-
ues. These parameters can then be used by the computer to
calculate a blood pressure for a user, given At calculated
based on PATs detected in iPPG signals of the user (e.g,,
iPPG, and iPPG, mentioned above). Optionally, the param-
eters are calculated based on multiple calibration measure-
ments that include PATs detected at different times, when the
user’s blood pressure had different values.

[0076] In another approach, the computer may utilize
machine learning methods to calculate the blood pressure
from Mg, captured by HCAMs. In some embodiments,
the computer calculates feature values based on data com-
prising IMgq,, (e.g., Mgy, and IMg,, of one of the
embodiments mentioned above) and utilizes a model to
calculate, based on the feature values, the blood pressure
value of the user. The following are some examples of the
various types of feature values that may be generated based
on M,y by the computer.

[0077] In one embodiment, at least some of the feature
values may be derived directly from values of pixels in
Mo Optionally, at least some of the feature values are
values of pixels from the IM,,.. Optionally, one or more of
the feature values may be the values of the pixels themselves
or some simple function of the pixels, such as the average of
pixels at certain regions in each of the images. Optionally,
one or more of the feature values may be various low-level
features derived from images, such as features generated
using Gabor filters, local binary patterns (LBP) and their
derivatives, algorithms such as SIFT and/or SURF (and their
derivatives), image keypoints, histograms of oriented gra-
dients (HOG) descriptors, and products of statistical proce-
dures such independent component analysis (ICA), principal
component analysis (PCA), or linear discriminant analysis
(LDA). Optionally, one or more of the feature values may
derived from multiple images taken at different times, such
as volume local binary patterns (VLBP), cuboids, and/or
optical strain-based features. In one example, one or more of
the feature values may represent a difference between values
of pixels at one time t at a certain ROI and values of pixels
at a different ROI at some other time t+x (which can help
detect different arrival times of a pulse wave).

[0078] In some embodiments, at least some of the feature
values are generated based on iPPG signals extracted from
IMyor- Optionally, the feature values indicate PATs at
different ROIs, and/or a difference in PATs at different ROIs
(e.g., a feature value may be indicative of At described
above). In one example, feature values are generated based
on iPPG, and iPPG,, which are indicative of PATs at ROI,
and ROI,, respectively. In this example, the computer gen-
erates a feature value, based on the PATs, which is indicative
of the difference between when a pulse wave is manifested
in IMg 5, and IMg;». In another example, one or more of
the feature values may be indicative of the shape and/or
other characteristics of a pulse wave, as indicated in an iPPG
signal extracted from My, For example, feature values
derived from an iPPG signal may indicate one or more of the
following: magnitude of a systolic peak, magnitude of a
diastolic peak, duration of the systolic phase, and duration of
the diastolic phase.

[0079] In some embodiments, at least some of the feature
values may represent calibration values of a user. For
example, at least some of the feature values are indicative of
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a difference in PATs between different ROIs when certain
blood pressure values were measured (e.g., using a different
reference device such as a cuff-based blood pressure moni-
tor). In one example, the computer extracts iPPG signals,
denoted iPPG, and iPPG,, from images of two ROIs,
denoted IM, ,; and IMy ., respectively. iPPG, and iPPG,
are indicative of pulse arrival times at the first and second
regions of interest, respectively. In this example, the com-
puter generates one or more values that are indicative of: (i)
a certain blood pressure value of the user that was measured
during a certain previous period, and (ii) a difference
between when pulse waves of the user, as manifested in
Mo and IM,,, that were taken during the certain pre-
vious period. In another example, at least some of the feature
values may represent measured blood pressure for various
differences in PATs between ROIs.

[0080] In some embodiments, one or more of the feature
values may be generated based on additional inputs from
sources other than HCAMs. Optionally, these one or more
feature values may assist in calculation of more accurate
blood pressure values and/or with accounting for factors that
can influence the user’s blood pressure.

[0081] Stress is a factor that can influence the diameter of
the arteries, and thus influence the value of the calculated
blood pressure. In one embodiment, the computer is further
configured to: receive a value indicative of a stress level of
the user, and generate at least one of the feature values based
on the received value. Optionally, the value indicative of the
stress level is obtained using a thermal camera. In one
example, the system may include an inward-facing head-
mounted thermal camera configured to take measurements
of a periorbital region of the user, where the measurements
of a periorbital region of the user are indicative of the stress
level of the user. In another example, the system includes an
inward-facing head-mounted thermal camera configured to
take measurements of a region on the forehead of the user,
where the measurements of the region on the forehead of the
user are indicative of the stress level of the user. In still
another example, the system includes an inward-facing
head-mounted thermal camera configured to take measure-
ments of a region on the nose of the user, where the
measurements of the region on the nose of the user are
indicative of the stress level of the user.

[0082] Hydration is a factor that affects blood viscosity,
which can affect the speed at which blood flows in the body,
and consequently affect blood pressure calculated based on
PATs. In one embodiment, the computer is further config-
ured to: receive a value indicative of a hydration level of the
user, and generate at least one of the feature values based on
the received value. Optionally, the system includes an addi-
tional camera configured to detect intensity of radiation that
is reflected from a region of exposed skin of the user, where
the radiation is in spectral wavelengths chosen to be pref-
erentially absorbed by tissue water. In one example, said
wavelengths are chosen from three primary bands of wave-
lengths of approximately 1100-1350 nm, approximately
1500-1800 nm, and approximately 2000-2300 nm. Option-
ally, measurements of the additional camera are utilized by
the computer as values indicative of the hydration level of
the user.

[0083] The following are examples of embodiments that
utilize additional inputs to generate feature values used to
calculate blood pressure. In one embodiment, the computer
is configured to: receive a value indicative of a temperature
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of the user’s body, and generate at least one of the feature
values based on the received value. In another embodiment,
the computer is configured to: receive a value indicative of
a movement of the user’s body, and generate at least one of
the feature values based on the received value. For example,
the computer may receive the input form an accelerometer
in a mobile device carried by the user. In yet another
embodiment, the computer is configured to: receive a value
indicative of an orientation of the user’s head, and generate
at least one of the feature values based on the received value.
For example, the computer may receive the values indicative
of the head’s orientation from a gyroscope. In still another
embodiment, the computer is configured to: receive a value
indicative of consumption of a substance by the user, and
generate at least one of the feature values based on the
received value. Optionally, the substance comprises one or
more of the following: a vasodilator, a vasoconstrictor.

[0084] The model utilized to calculate the blood pressure
values of the user may be generated based on training data
comprising: previous IMz o, (€.g., IMg oy, and IM ., from
one of the embodiments above) and blood pressure values
corresponding to times at which the previous My, were
taken. This data is used to generate samples, each sample
including feature values generated based on some of the
previously taken 1My, that were taken during a certain
period, and a label generated based on a blood pressure
value, which corresponds to the certain period (e.g., it was
taken during the certain period, and/or shortly before and/or
after the certain period, such as within five minutes from the
certain period).

[0085] The model may be generated based on data of the
user and/or data of other users. In some embodiments, the
previously taken IMy,,;. comprise images of body parts of
the user, and the blood pressure values corresponding to the
previously taken IMy,,;. are blood pressure values of the
user measured using a device that does not utilize HCAMs
(e.g., a cuff-based blood pressure monitor). In other embodi-
ments, the previously taken IM ,,. comprise images of body
parts of other users, and the blood pressure values corre-
sponding to the previously taken IM ;. are blood pressure
values of the other users, measured using one or more
devices that do not utilize HCAMs.

[0086] In order to achieve a robust model, which may be
useful for calculating blood pressure of a user in various
conditions, in some embodiments, the samples used in the
training may include samples based on 1My, taken in
different conditions. Optionally, the samples are generated
based on IM,;, taken on different days. In a first example,
the system does not occlude the ROIs, and the model is
trained on samples generated from a first set of M, taken
while the user was indoors and not in direct sunlight, and is
also trained on other samples generated from a second set of
1M, taken while the user was outdoors, in direct sunlight.
In a second example, the model is trained on samples
generated from a first set of IMy,, taken during daytime,
and is also trained on other samples generated from a second
set of IM o, taken during nighttime. In a third example, the
model is trained on samples generated from a first set of
IM oz taken while the user was exercising and moving, and
is also trained on other samples generated from a second set
of My, taken while the user was sitting and not exercis-
ing. And a fourth example, the model is trained on samples
generated from a first set of 1M, taken less than 30
minutes after the user had an alcoholic beverage, and is also
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trained on other samples generated from a second set of
My taken on a day in which the user did not have an
alcoholic beverage.

[0087] Utilizing the model to calculate the blood pressure
model may involve the computer performing various opera-
tions, depending on the type of model. The following are
some examples of various possibilities for the model, and
the type of calculations that may be accordingly performed
by a computer, in some embodiments, in order to calculate
the blood pressure: (a) the model comprises parameters of a
decision tree. Optionally, the computer simulates a traversal
along a path in the decision tree, determining which
branches to take based on the feature values. A value
indicative of the blood pressure may be obtained at the leaf
node and/or based on calculations involving values on nodes
and/or edges along the path; (b) the model comprises
parameters of a regression model (e.g., regression coeffi-
cients in a linear regression model or a logistic regression
model). Optionally, the computer multiplies the feature
values (which may be considered a regressor) with the
parameters of the regression model in order to obtain the
value indicative of the blood pressure; and/or (c) the model
comprises parameters of a neural network. For example, the
parameters may include values defining at least the follow-
ing: (i) an interconnection pattern between different layers of
neurons, (ii) weights of the interconnections, and (iii) acti-
vation functions that convert each neuron’s weighted input
to its output activation. Optionally, the computer provides
the feature values as inputs to the neural network, computes
the values of the various activation functions and propagates
values between layers, and obtains an output from the
network, which is the value indicative of the blood pressure.

[0088] In some embodiments, a machine learning
approach that may be applied to calculating the blood
pressure based on IMy,,, may be characterized as “deep
learning” In one embodiment, the model may include
parameters describing multiple hidden layers of a neural
network. Optionally, the model may include a convolution
neural network (CNN). In one example, the CNN may be
utilized to identify certain patterns in the video images, such
as the patterns of corresponding to blood volume effects and
ballistocardiographic effects of the cardiac pulse. Due to the
fact that calculating the blood pressure may be based on
multiple, possibly successive, images that display a certain
pattern of change over time (i.e., across multiple frames),
these calculations may involve retaining state information
that is based on previous images. Optionally, the model may
include parameters that describe an architecture that sup-
ports such a capability. In one example, the model may
include parameters of a recurrent neural network (RNN),
which is a connectionist model that captures the dynamics of
sequences of samples via cycles in the network’s nodes. This
enables RNNGs to retain a state that can represent information
from an arbitrarily long context window. In one example, the
RNN may be implemented using a long short-term memory
(LSTM) architecture. In another example, the RNN may be
implemented using a bidirectional recurrent neural network
architecture (BRNN).

[0089] In order to improve the accuracy of blood pressure
calculations, and in some cases in order to better account for
interferences, in some embodiments, the computer may
utilize Mz, captured by more than two HCAMs. Utilizing
images from more than two ROIs may confer several
advantages. First, calculating more than two PATs can give
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a larger number of differences between PATs (i.e., multiple
At values), which can help to address issues involving noisy
measurements (e.g., due to movement or environmental
artifacts). However, having more than two PATs can also
help account for different factors that may influence the
speed at which a pulse wave travels.

[0090] The speed of blood propagating through the arter-
ies, and therefore also the blood pressure calculated based on
that value, is affected by multiple factors, such as the cardiac
output, the vessel compliance, vessel diameter, vessel
length, and blood viscosity. Some of these factors, such as
cardiac output (at a given time) can change very quickly,
while others, such as vessel length can change very slowly
(over a course of years). Blood viscosity is a factor that can
change throughout the day (e.g., due to hydration levels).
Another factor mentioned above that can influence the
velocity of the arterial blood flow is the diameter of the
arteries. This value can change in certain circumstances,
such as a result of stress (e.g., due to the release of stress
hormones), or due to consumption of substances that cause
arterial dilation. Thus, there is more than one varying factor
that can influence blood pressure. Since different arteries at
different locations have different properties (e.g., different
thickness and elasticity), they may be affected differently by
these factors; therefore, utilizing PATs at multiple ROIs can
help better account for these factors and increase accuracy of
blood pressure calculations.

[0091] Various embodiments described herein involve cal-
culation of blood pressure based on IMy,, using machine
learning methods. Herein, “machine learning” methods
refers to learning from examples using one or more
approaches. Examples of machine learning approaches
include: decision tree learning, association rule learning,
regression models, nearest neighbors classifiers, artificial
neural networks, deep learning, inductive logic program-
ming, support vector machines, clustering, Bayesian net-
works, reinforcement learning, representation learning,
similarity and metric learning, sparse dictionary learning,
genetic algorithms, rule-based machine learning, and/or
learning classifier systems.

[0092] Herein, a “machine learning-based model” is a
model trained using machine learning methods. For brevi-
ty’s sake, at times, a “machine learning-based model” may
simply be called a “model”. Referring to a model as being
“machine learning-based” is intended to indicate that the
model is trained using machine learning methods (other-
wise, “model” may also refer to a model generated by
methods other than machine learning).

[0093] Herein, feature values may be considered input to
a computer that utilizes a model to perform the calculation
of a value, such as a value indicative of the blood pressure
of a user. It is to be noted that the terms “feature” and
“feature value” may be used interchangeably when the
context of their use is clear. However, a “feature” typically
refers to a certain type of value, and represents a property,
while “feature value” is the value of the property with a
certain instance (sample).

[0094] It is to be noted that when it is stated that feature
values are generated based on data comprising multiple
sources, it means that for each source, there is at least one
feature value that is generated based on that source (and
possibly other data). For example, stating that feature values
are generated from IM,,, of first and second ROIs (IMy
and IM,, respectively) means that the feature values may
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include a first feature value generated based on My, and
a second feature value generated based on IMy .

[0095] In addition to feature values that are generated
based on IMy,;, in some embodiments, at least some
feature values utilized by a computer (e.g., to calculate blood
pressure or train a model) may be generated based on
additional sources of data. Some examples of the additional
sources include: (i) measurements of the environment such
as temperature, humidity level, noise level, elevation, air
quality, a wind speed, precipitation, and infrared radiation;
(ii) contextual information such as the time of day (e.g., to
account for effects of the circadian rhythm), day of month
(e.g., to account for effects of the lunar rhythm), day in the
year (e.g., to account for seasonal effects), and/or stage in a
menstrual cycle; (iii) information about the user being
measured such as sex, age, weight, height, and/or body
build. Alternatively or additionally, at least some feature
values may be generated based on physiological signals of
the user obtained by sensors that are not HCAMs, such as a
photoplethysmogram (PPG) sensor, an electrocardiogram
(ECG) sensor, an electroencephalography (EEG) sensor, a
galvanic skin response (GSR) sensor, or a thermistor.
[0096] A machine learning-based model used to calculate
blood pressure may be trained, in some embodiments, based
on data collected in day-to-day, real world scenarios. As
such, the data may be collected at different times of the day,
while users perform various activities, and in various envi-
ronmental conditions. Utilizing such diverse training data
may enable a trained model to be more resilient to the
various effects different conditions can have on M., and
consequently, be able to achieve better detection of the blood
pressure in real world day-to-day scenarios.

[0097] Normally, the lens plane and the sensor plane of a
camera are parallel, and the plane of focus (PoF) is parallel
to the lens and sensor planes. If a planar object is also
parallel to the sensor plane, it can coincide with the PoF, and
the entire object can be captured sharply. If the lens plane is
tilted (not parallel) relative to the sensor plane, it will be in
focus along a line where it intersects the PoF. The Sche-
impflug principle is a known geometric rule that describes
the orientation of the plane of focus of a camera when the
lens plane is tilted relative to the sensor plane.

[0098] FIG. 19a is a schematic illustration of an inward-
facing head-mounted camera 550 embedded in an eye-
glasses frame 551, which utilizes the Scheimpflug principle
to improve the sharpness of the image taken by the camera
550. The camera 550 includes a sensor 558 and a lens 555.
The tilt of the lens 555 relative to sensor 558, which may
also be considered as the angle between the lens plane 555
and the sensor plane 559, is determined according to the
expected position of the camera 550 relative to the ROI 552
when the user wears the eyeglasses. For a refractive optical
lens, the “lens plane™ 556 refers to a plane that is perpen-
dicular to the optical axis of the lens 555. Herein, the
singular also includes the plural, and the term “lens” refers
to one or more lenses. When “lens” refers to multiple lenses
(which is usually the case in most modern cameras having
a lens module with multiple lenses), then the “lens plane”
refers to a plane that is perpendicular to the optical axis of
the lens module.

[0099] The Scheimpflug principle may be used for both
thermal cameras (based on lenses and sensors for wave-
lengths longer than 2500 nm) and visible-light and/or near-
IR cameras (based on lenses and sensors for wavelengths
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between 400-900 nm). FIG. 195 is a schematic illustration of
a camera that is able to change the relative tilt between its
lens and sensor planes according to the Scheimpflug prin-
ciple. Housing 311 mounts a sensor 312 and lens 313. The
lens 313 is tilted relative to the sensor 312. The tilt may be
fixed according to the expected position of the camera
relative to the ROI when the user wears the HMS, or may be
adjusted using motor 314. The motor 314 may move the lens
313 and/or the sensor 312.

[0100] In one embodiment, an HMS device includes a
frame configured to be worn on a user’s head, and an
inward-facing camera physically coupled to the frame. The
inward-facing camera may assume one of two configura-
tions: (i) the inward-facing camera is oriented such that the
optical axis of the camera is above the Frankfort horizontal
plane and pointed upward to capture an image of a region of
interest (ROI) above the user’s eyes, or (ii) the inward-
facing camera is oriented such that the optical axis is below
the Frankfort horizontal plane and pointed downward to
capture an image of an ROI below the user’s eyes. The
inward-facing camera includes a sensor and a lens. The
sensor plane is tilted by more than 2° relative to the lens
plane according to the Scheimpflug principle in order to
capture a sharper image.

[0101] In another embodiment, an HMS includes an
inward-facing head-mounted camera that captures an image
of an ROI on a user’s face, when worn on the user’s head.
The ROI is on the user’s forehead, nose, upper lip, cheek,
and/or lips. The camera includes a sensor and a lens. And the
sensor plane is tilted by more than 2° relative to the lens
plane according to the Scheimpflug principle in order to
capture a sharper image.

[0102] Because the face is not planar and the inward-
facing head-mounted camera is located close to the face, an
image captured by a camera having a wide field of view
(FOV) and a low f-number may not be perfectly sharp, even
after applying the Scheimpflug principle. Therefore, in some
embodiments, the tilt between the lens plane and the sensor
plane is selected such as to adjust the sharpness of the
various areas covered in the ROI according to their impor-
tance for detecting the user’s physiological signals. In one
embodiment, the ROI covers first and second areas, where
the first area includes finer details and/or is more important
for detecting the physiological signals than the second area.
Therefore, the tilt between the lens and sensor planes is
adjusted such that the image of the first area is shaper than
the image of the second area.

[0103] Inone embodiment, the tilt between the lens plane
and sensor plane is fixed. The fixed tilt is selected according
to an expected orientation between the camera and the ROI
when a user wears the frame. Having a fixed tilt between the
lens and sensor planes may eliminate the need for an
adjustable electromechanical tilting mechanism. As a result,
a fixed tilt may reduce the weight and cost of the camera,
while still providing a sharper image than an image that
would be obtained from a similar camera in which the lens
and sensor planes are parallel. The magnitude of the fixed tilt
may be selected according to facial dimensions of an aver-
age user expected to wear the system, or according to a
model of the specific user expected to wear the system in
order to obtain the sharpest image.

[0104] In another embodiment, the system includes an
adjustable electromechanical tilting mechanism configured
to change the tilt between the lens and sensor planes



US 2019/0223737 Al

according to the Scheimpflug principle based on the orien-
tation between the camera and the ROI when the frame is
worn by the user. The tilt may be achieved using at least one
motor, such as a brushless DC motor, a stepper motor
(without a feedback sensor), a brushed DC electric motor, a
piezoelectric motor, and/or a micro-motion motor.

[0105] The adjustable electromechanical tilting mecha-
nism configured to change the tilt between the lens and
sensor planes may include one or more of the following
mechanisms: (i) a mirror that changes its angle; (i1) a device
that changes the angle of the lens relative to the sensor;
and/or (iii) a device that changes the angle of the sensor
relative to the lens. In one embodiment, the camera, includ-
ing the adjustable electromechanical tilting mechanism,
weighs less than 10 g, and the adjustable electromechanical
tilting mechanism is able to change the tilt in a limited range
below 30° between the two utmost orientations between the
lens and sensor planes. Optionally, the adjustable electro-
mechanical tilting mechanism is able to change the tilt in a
limited range below 20° between the two utmost orientations
between the lens and sensor planes. In another embodiment,
the adjustable electromechanical tilting mechanism is able to
change the tilt in a limited range below 10°. In some
embodiments, being able to change the tilt in a limited range
reduces at least one of the weight, cost, and size of the
camera, which is advantageous for a wearable device. In one
example, the camera is manufactured with a fixed predeter-
mined tilt between the lens and sensor planes, which is in
addition to the tilt provided by the adjustable electrome-
chanical tilting mechanism. The fixed predetermined orien-
tation may be determined according to the expected orien-
tation between the camera and the ROI for an average user,
such that the adjustable electromechanical tilting mecha-
nism 1is used to fine-tune the tilt between the lens and sensor
planes for the specific user who wears the frame and has
facial dimensions that are different from the average user.
[0106] Various embodiments described herein involve an
HMS that may be connected, using wires and/or wirelessly,
with a device carried by the user and/or a non-wearable
device. The HMS may include a battery, a computer, sen-
sors, and a transceiver,

[0107] FIG. 22a and FIG. 225 are schematic illustrations
of possible embodiments for computers (400, 410) that are
able to realize one or more of the embodiments discussed
herein that include a “computer”. The computer (400, 410)
may be implemented in various ways, such as, but not
limited to, a server, a client, a personal computer, a network
device, a handheld device (e.g., a smartphone), an HMS
(such as smart glasses, an augmented reality system, and/or
a virtual reality system), a computing device embedded in a
wearable device (e.g., a smartwatch or a computer embed-
ded in clothing), a computing device implanted in the human
body, and/or any other computer form capable of executing
a set of computer instructions. Herein, an augmented reality
system refers also to a mixed reality system. Further, refer-
ences to a computer or processor include any collection of
one or more computers and/or processors (which may be at
different locations) that individually or jointly execute one
or more sets of computer instructions. For example, a first
computer may be embedded in the HMS that communicates
with a second computer embedded in the user’s smartphone
that communicates over the Internet with a cloud computer.
[0108] The computer 400 includes one or more of the
following components: processor 401, memory 402, com-

Jul. 25,2019

puter readable medium 403, user interface 404, communi-
cation interface 405, and bus 406. The computer 410
includes one or more of the following components: proces-
sor 411, memory 412, and communication interface 413.
[0109] Functionality of various embodiments may be
implemented in hardware, software, firmware, or any com-
bination thereof. If implemented at least in part in software,
implementing the functionality may involve a computer
program that includes one or more instructions or code
stored or transmitted on a computer-readable medium and
executed by one or more processors. Computer-readable
media may include computer-readable storage media, which
corresponds to a tangible medium such as data storage
media, or communication media including any medium that
facilitates transfer of a computer program from one place to
another. Computer-readable medium may be any media that
can be accessed by one or more computers to retrieve
instructions, code, data, and/or data structures for imple-
mentation of the described embodiments. A computer pro-
gram product may include a computer-readable medium. In
one example, the computer-readable medium 403 may
include one or more of the following: RAM, ROM,
EEPROM, optical storage, magnetic storage, biologic stor-
age, flash memory, or any other medium that can store
computer readable data.

[0110] A computer program (also known as a program,
software, software application, script, program code, or
code) can be written in any form of programming language,
including compiled or interpreted languages, declarative or
procedural languages. The program can be deployed in any
form, including as a standalone program or as a module,
component, subroutine, object, or another unit suitable for
use in a computing environment. A computer program may
correspond to a file in a file system, may be stored in a
portion of a file that holds other programs or data, and/or
may be stored in one or more files that may be dedicated to
the program. A computer program may be deployed to be
executed on one or more computers that are located at one
or more sites that may be interconnected by a communica-
tion network.

[0111] Computer-readable medium may include a single
medium and/or multiple media (e.g., a centralized or dis-
tributed database, and/or associated caches and servers) that
store one or more sets of instructions. In various embodi-
ments, a computer program, and/or portions of a computer
program, may be stored on a non-transitory computer-
readable medium, and may be updated and/or downloaded
via a communication network, such as the Internet. Option-
ally, the computer program may be downloaded from a
central repository, such as Apple App Store and/or Google
Play. Optionally, the computer program may be downloaded
from a repository, such as an open source and/or community
run repository (e.g., GitHub).

[0112] As used herein, references to “one embodiment”
(and its variations) mean that the feature being referred to
may be included in at least one embodiment of the invention.
Moreover, separate references to “one embodiment”, “some
embodiments”, “another embodiment”, “still another
embodiment”, etc., may refer to the same embodiment, may
illustrate different aspects of an embodiment, and/or may
refer to different embodiments.

[0113] Some embodiments may be described using the
verb “indicating”, the adjective “indicative”, and/or using
variations thereof. Herein, sentences in the form of “X is
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indicative of Y” mean that X includes information correlated
with Y, up to the case where X equals Y. Stating that “X
indicates Y or “X indicating Y may be interpreted as ‘X
being indicative of Y. Additionally, sentences in the form of
“provide/receive an indication indicating whether X hap-
pened” may refer herein to any indication method, including
but not limited to: sending/receiving a signal when X
happened and not sending/receiving a signal when X did not
happen, not sending/receiving a signal when X happened
and sending/receiving a signal when X did not happen,
and/or sending/receiving a first signal when X happened and
sending/receiving a second signal X did not happen.
[0114] Herein, “most” of something is defined as above
51% of the something (including 100% of the something).
Both a “portion” of something and a “region” of something
refer herein to a value between a fraction of the something
and 100% of the something. For example, sentences in the
form of a “portion of an area” may cover between 0.1% and
100% of the area. As another example, sentences in the form
of a “region on the user’s forehead” may cover between the
smallest area captured by a single pixel (such as 0.1% or 5%
of the forehead) and 100% of the forehead. The word
“region” refers to an open-ended claim language, and a
camera said to capture a specific region on the face may
capture just a small part of the specific region, the entire
specific region, and/or a portion of the specific region
together with additional region(s).

[0115] The terms “comprises,” “comprising,” “includes,”
“including,” “has,” “having”, or any other variation thereof,
indicate an open-ended claim language that does not exclude
additional limitations. The “a” or “an” is employed to
describe one or more, and the singular also includes the
plural unless it is obvious that it is meant otherwise. For
example, “a computer” refers to one or more computers,
such as a combination of a wearable computer that operates
together with a cloud computer.

[0116] The phrase “based on” is intended to mean “based,
at least in part, on”. Additionally, stating that a value is
calculated “based on X” and following that, in a certain
embodiment, that the value is calculated “also based on Y”,
means that in the certain embodiment, the value is calculated
based on X and Y.

[0117] The terms “first”, “second” and so forth are to be
interpreted merely as ordinal designations, and shall not be
limited in themselves. A predetermined value is a fixed value
and/or a value determined any time before performing a
calculation that compares a certain value with the predeter-
mined value. A value is also considered to be a predeter-
mined value when the logic, used to determine whether a
threshold that utilizes the value is reached, is known before
start performing computations to determine whether the
threshold is reached.

[0118] Theembodiments of the invention may include any
variety of combinations and/or integrations of the features of
the embodiments described herein. Although some embodi-
ments may depict serial operations, the embodiments may
perform certain operations in parallel and/or in different
orders from those depicted. Moreover, the use of repeated
reference numerals and/or letters in the text and/or drawings
is for the purpose of simplicity and clarity and does not in
itself dictate a relationship between the various embodi-
ments and/or configurations discussed. The embodiments
are not limited in their applications to the order of steps of
the methods, or to details of implementation of the devices,
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set in the description, drawings, or examples. Moreover,
individual blocks illustrated in the figures may be functional
in nature and therefore may not necessarily correspond to
discrete hardware elements.

[0119] Certain features of the embodiments, which may
have been, for clarity, described in the context of separate
embodiments, may also be provided in various combinations
in a single embodiment. Conversely, various features of the
embodiments, which may have been, for brevity, described
in the context of a single embodiment, may also be provided
separately or in any suitable sub-combination. Embodiments
described in conjunction with specific examples are pre-
sented by way of example, and not limitation. Moreover, it
is evident that many alternatives, modifications, and varia-
tions will be apparent to those skilled in the art. It is to be
understood that other embodiments may be utilized and
structural changes may be made without departing from the
scope of the embodiments. Accordingly, this disclosure is
intended to embrace all such alternatives, modifications, and
variations that fall within the spirit and scope of the
appended claims and their equivalents.

1. A system configured to calculate blood pressure, com-
prising:

a first inward-facing head-mounted camera (HCAM,)
configured to capture images of a first region of interest
(ROI,) located on the face below the eyes and above
the lips (IMp,,) of a user;

a second inward-facing head-mounted camera (HCAM,)
configured to capture images of a second region of
interest (ROL,) comprising a portion of a temple and/or
forehead (IMzp) of the user; and

a computer configured to calculate a blood pressure value
for the user based on first and second imaging photop-
lethysmographic signals (iPPG,, iPPG,) recognizable
in M, and IMg,,», respectively.

2. The system of claim 1, wherein iPPG, and iPPG, are
indicative of pulse arrival times at ROI, and ROL,, respec-
tively; and wherein the computer is further configured to
extract iPPG, and iPPG, from IM,,, and IM ., respec-
tively, and to calculate the blood pressure value based on a
magnitude of a difference in the pulse arrival times at ROI,
and ROL,.

3. The system of claim 2, wherein the computer is further
configured to utilize calibration measurements of the user’s
blood pressure, taken by a different device, to calculate
parameters that are utilized by the computer to calculate the
blood pressure value based on iPPG, and iPPG,; whereby
the calibration measurements are indicative of the differ-
ences between the pulse arrival times at ROI, and ROI, that
correspond to different blood pressure values of the user.

4. The system of claim 1, wherein the blood pressure
value is indicative of one or more of the following values:
the systolic blood pressure of the user, the diastolic blood
pressure of the user, and the mean arterial pressure of the
user.

5. The system of claim 1, wherein ROI, comprises a
portion of the right temple and/or the right side of the
forehead, and further comprising a third inward-facing head-
mounted camera (HCAM;) configured to capture images of
a third region of interest (ROI;) comprising a portion of the
left temple and/or the left side forehead (IM ;) of the user;

and wherein the computer is further configured to extract
from IMyz,p a third imaging photoplethysmographic



US 2019/0223737 Al

signal (iPPG;) and to calculate the blood pressure value
of the user also based on iPPG; (in addition to iPPG,
and iPPG,).

6. The system of claim 1, wherein HCAM, is a video
camera, and HCAM, does not occlude the first region of
interest.

7. The system of claim 1, wherein HCAM, is an angle-
sensitive pixel sensor camera, weighing less than 1 g.

8. The system of claim 1, wherein the center of ROI, is
located more than 6 cm away from the center of ROL,;
whereby changes in IM,,,,, that are due to a cardiac pulse
wave occur at least 10 ms before, or at least 10 ms after,
changes in IM,,,,, occur, which are due to the same cardiac
pulse wave.

9. The system of claim 1, wherein the computer is further
configured to generate feature values based on data com-
prising IMy 7, and IM 5, and to utilize a model to calcu-
late the blood pressure value based on the feature values;
wherein the model was generated based on training data
comprising: previously taken IMy,,, and IMy,», and blood
pressure values measured at times corresponding to the
previously taken 1My, and Mz, .

10. The system of claim 9, wherein iPPG, and iPPG, are
indicative of pulse arrival times at ROI, and ROL,, respec-
tively; wherein the computer is further configured to extract
iPPG, and iPPG, from IM,,, and IM, -, respectively; and
wherein the feature values comprise a value that is indicative
of a difference between when a pulse wave manifested in
Mg on and IMg -

11. The system of claim 9, wherein iPPG, and iPPG, are
indicative of pulse arrival times at ROI, and ROL,, respec-
tively; wherein the computer is further configured to extract
iPPG, and iPPG, from IMy 5 and IMg 5, respectively; and
wherein the feature values comprise one or more values that
are indicative of: (i) a certain blood pressure value of the
user that was measured during a certain previous period, and
(i) a difference between when pulse waves of the user
manifested in IM,,, and 1M, taken during the certain
previous period.

12. The system of claim 9, wherein the previously taken
Mo and IMg o, comprise images of body parts of the
user, and the blood pressure values corresponding to the
previously taken IMy,,, and Mg, are blood pressure
values of the user measured using a device that does not
utilize HCAM, and HCAMS,.
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13. The system of claim 9, wherein the computer is further
configured to: receive a value indicative of a stress level of
the user, and generate at least one of the feature values based
on the received value.

14. The system of claim 13, further comprising an inward-
facing head-mounted thermal camera configured to take
thermal measurements of at least one of the following
regions on the user’s face: a periorbital region, a region on
the forehead, and a region on the nose;

whereby the thermal measurements are indicative of the
stress level of the user.

15. The system of claim 9, wherein the computer is further
configured to: receive a value indicative of a hydration level
of the user, and generate at least one of the feature values
based on the received value.

16. The system of claim 15, further comprising an addi-
tional camera configured to detect intensity of radiation that
is reflected from a region of exposed skin of the user;
wherein the radiation is in spectral wavelengths chosen to be
preferentially absorbed by tissue water, and are chosen from
three primary bands of wavelengths of approximately 1100-
1350 nm, approximately 1500-1800 nm, and approximately
2000-2300 nm.

17. The system of claim 9, wherein the computer is further
configured to: receive a value indicative of a temperature of
the user’s body, and generate at least one of the feature
values based on the received value.

18. The system of claim 9, wherein the computer is further
configured to: receive a value indicative of the movement of
the user’s body, and generate at least one of the feature
values based on the received value.

19. The system of claim 9, wherein the computer is further
configured to: receive a value indicative of an orientation of
the user’s head, and generate at least one of the feature
values based on the received value.

20. The system of claim 9, wherein the computer is further
configured to: receive a value indicative of consumption of
a substance by the user, and generate at least one of the
feature values based on the received value; and wherein the
substance comprises one or more of the following: a vaso-
dilator, a vasoconstrictor.
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