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(57) ABSTRACT

There is disclosed a system and method for measuring
arterial and venous blood pulse waveforms (BPWs) of a
subject utilizing photoplethysmography (PPG). In an
embodiment, the system and method comprises: providing a
plurality of virtual sensors positioned to cover a desired
field-of-view of the subject, each virtual sensor adapted to
detect and measure a BPW signal from an area of the
subject’s body and provide a BPW signal output; processing
the BPW signal outputs of the plurality of virtual sensors to
compare the BPWs at multiple areas of the subject’s body to
perform spatial perfusion analysis; and displaying at least
one aggregate output based on the spatial perfusion analysis.
At least one aggregate output may include a visualization of
one or more perfusion patterns overlaid on a photographic
image of the subject, and aggregate statistics including
subject heart rate and breathing rate. The system and method
may use a signal from one of the virtual sensors as a
reference waveform for cardiovascular monitoring in the
generation of parametric maps for assessing BPW charac-
teristics at various parts of the body simultaneously. The
system and method may also include a contact photoplethys-
mography (PPG) sensor, which is connected to the DSP and
provides a BPW as a reference waveform for improved
cardiovascular monitoring in the generation of parametric
maps for assessing BPW characteristics at various parts of
the body simultaneously.
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SYSTEM AND METHOD FOR SPATIAL
CARDIOVASCULAR MONITORING

FIELD OF THE INVENTION

[0001] The present disclosure relates generally to the field
of cardiovascular imaging systems.

BACKGROUND

[0002] Photoplethysmography (PPG) is a technique that
has been used since the 1930s for assessing cardiovascular
function [1]. Its use has become widespread in hospitals due
to its relatively low cost and ease of use. In its simplest form,
it consists of two primary components: a light source and a
light detector. The light source illuminates the tissue with
constant optical power, and the light detector detects the
amount of light transmitted through the tissue. The light
output fluctuates with each blood pulse resulting from a
cardiac cycle, resulting in the extraction of a blood pulse
waveform or BPW.

[0003] PPG devices rely on the properties of light-tissue
interaction. Light that penetrates the surface of the skin
interacts with the underlying tissues in two primary ways:
scattering and absorption. When perfectly reflected and
scattered by a molecule, a photon of light changes direction
and possibly polarization, but retains its original energy
level. Alternatively, a photon of light may be absorbed by
certain types of molecules called “chromophores” (such as
hemoglobin and melanin), resulting in a fewer number of
photons being re-emitted. Chromophores are thus charac-
terized by spectral absorption profiles called “extinction
coeflicients”. As an illustrative example, when the heart
enters systole during a cardiac cycle, blood is pumped
through the arterial system, causing a transient increase in
blood volume at the traveling area of the pulse. This change
in blood volume modifies the temporal illumination profile
passing through the vasculature, resulting in a BPW that is
displayed on PPG monitors.

[0004] The first known PPG imaging (PPGI) system was
proposed in 2002 by M. Hulsbusch and V. Blazek [2] using
a cooled near infrared CCD camera to assess wound healing.
The authors used a wavelet transform to show noisy pulsa-
tile components around an ulcer wound. They further dem-
onstrated preliminary results using transmittance through a
fingertip. However, their setup was expensive, did not
produce real-time analysis, and produced noisy BPW sig-
nals.

[0005] In 2005, Wieringa et al. published a PPGI system
and method for extracting blood pulse oxygen levels [3].
Their PPGI system was controlled and synchronized to an
ECG and finger cuff using a footswitch and in-frame back-
ground light. They used a combination of a modified camera
(since obsolete), and 300 LED ring light of wavelength 660
nm, 810 nm, and 940 nm. Regions of 10x10 pixels were
averaged to reduce noise. Their low frame rates limited the
real-time applicability. This experiment, like many others,
was assessed in darkroom settings, void of ambient light.
The “relative spectral power” map was calculated with a
hardcoded heart rate, and limited to the hand/wrist region of
a subject.

[0006] In 2007, Humphreys etal. published a PPGI system
that extended on Wieringa’s [4]. An 8x8 LED grid separate
from the camera was used to illuminate the skin. Synchro-
nization was done using electronic switches. Like Wierin-
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ga’s system, a background light was used for synchroniza-
tion. However, the results were restricted to forearm
measurements of heart rate and blood oxygen metrics only.

[0007] Since these initial studies, there have been other
PPGI systems proposed. However, most of these systems are
restricted to measuring heart rate [15] over either the hand/
wrist area [S] or the face [6] [7] [8], and many rely on limited
methods for reducing noise, such as windowed averaging [9]
[10]. Moreover, many are validated only in darkroom set-
tings [11] [5] [7], which limit their applicability in real-
world, clinical environments where darkroom settings may
be difficult to establish.

[0008] More recently, Kamshilin et al. [12] used two
identical green LEDs and a camera along with a synthetic
BPW to construct a visualization of pixel-by-pixel perfusion
and pulsing. However, once again, their findings were
restricted to constrained environments of hand/wrist imag-
ing, and the method required prerequisite knowledge of the
heart rate, and could not detect heart rate automatically.
What is needed is an improved system and method for
spatial cardiovascular monitoring that overcomes at least
some of the above described limitations in the prior art.

SUMMARY

[0009] The present disclosure describes a system and
method for detecting, measuring and displaying arterial and
venous blood pulse waveforms (BPWs) at various parts of
the body simultaneously through one or more virtual sen-
sors. In an embodiment, the virtual sensors may comprise an
array of optical sensors which may be positioned to cover a
desired field-of-view of a subject to capture illumination
fluctuations on the subject. Each virtual sensor may be
adapted to detect and measure a BPW signal from an area of
the subject’s body. The output of one or more virtual sensors
is processed using a digital signal processing unit (DSP) to
extract the BPW from the noise, and to process multiple
BPW signals simultaneously from various parts of the
subject’s body, thereby allowing a comparison of BPWs at
multiple locations and analysis of spatial perfusion. This
may provide a more complete picture of the status of the
subject throughout the body, and aid in the analysis of the
subject’s condition.

[0010] Advantageously, the present system and method
provides a solution for assessing the temporal BPW of a
subject at various locations of the patient subject’s body
using virtual sensors, illumination, and advanced DSP algo-
rithms for signal extraction. The system and method also
permit the generation of derivative visualizations (e.g., para-
metric maps, flow overlay, etc.) for assessing BPW charac-
teristics at various parts of the body simultaneously. Fur-
thermore, the system and method also permit the inclusion
of a contact photoplethysmography (PPG) sensor, which is
connected to the DSP and provides a reference blood pulse
waveform as a reference waveform for improved cardiovas-
cular monitoring capabilities.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 shows a block diagram representation of the
system in accordance with an embodiment.

[0012] FIG. 2 shows a graphical example of the system
and method in reflectance mode in accordance with an
embodiment.
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[0013] FIG. 3 shows the system and method in reflectance
mode again, but this time with the inclusion of a contact
photoplethysmography (PPG) sensor, which is connected to
the DSP in accordance with an embodiment.

[0014] FIG. 4 shows the system and method in transmit-
tance mode, where the light and sensor are placed on either
side of the tissue under analysis in accordance with an
embodiment.

[0015] FIG. 5 shows an example visual output of the
system and method in accordance with an embodiment.
[0016] FIGS. 6A-6D show different examples of paramet-
ric maps that may be generated using the system and method
in accordance with an embodiment.

[0017] FIG. 7 shows an illustrative flow chart of a method
in accordance with an embodiment.

[0018] FIGS. 8A and 8B show the relationship between
the optical sensors and virtual sensors in accordance with an
illustrative embodiment.

[0019] FIGS. 9A-9C show a series of frames in which
pulse visualization can be relayed to the user in accordance
with an illustrative embodiment.

[0020] FIG. 10 shows an example of a pulsatile jugular
venous pulse waveform extracted using the system.

[0021] FIG. 11 shows a schematic block diagram of a
generic computing device which may provide an operating
environment for one or more embodiments.

[0022] In the drawings, various embodiments are illus-
trated by way of example. It is to be expressly understood
that the description and drawings are only for the purpose of
illustration and as an aid to understanding, and are not
intended as describing the accurate performance and behav-
ior of the embodiments and a definition of the limits of the
invention.

DETAILED DESCRIPTION

[0023] As noted above, the present disclosure relates gen-
erally to the field of cardiovascular imaging systems, and
more particularly to a system and method for detecting and
measuring blood pulse waveforms (BPWs) at various parts
of a subject’s body simultaneously through one or more
virtual sensors.

[0024] While various prior art photoplethysmography
(PPG) imaging systems and methods have been proposed as
summarized in the Background section above, as noted, they
have various drawbacks which limit their applicability in
certain applications. As will be detailed below, the present
system and method is designed to provide a solution which
addresses at least some of the drawbacks in the prior art to
improve analysis of a subject’s condition.

[0025] In an aspect, the present system and method uti-
lizes one or more virtual sensors comprising one or more
optical sensor arrays to extract BPWs from multiple loca-
tions on a subject’s body simultaneously. These locations are
not limited to the face, hand or forearm as in some prior art,
but may be any part of the subject’s body that is of interest.
This type of spatial analysis is important for diagnostic
purposes. For example, peripheral arterial disease is char-
acterized by an increase in vascular resistance in peripheral
areas of the body, most commonly the legs. Arterial stiffness
is characterized by the stiffening of the arteries, usually over
age. Stiff arteries often lead to complications, such as high
blood pressure, and can be detected by evaluating the pulse
transit timing between major arterial channels.
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[0026] Spatial perfusion analysis is important for assess-
ing the viability of a large area of tissue, due in part to the
supply of blood to the tissue. This is important in, for
example, breast reconstruction with flap surgery. Blood
pressure can be estimated by evaluating the BPW at various
locations simultaneously. Assessing the BPW at various
parts of the body can help detect the aforementioned phe-
nomena.

[0027] Various embodiments of the present system and
method will now be described in more detail with reference
to the figures.

[0028] FIG. 1 depicts a block diagram of the system in
accordance with an illustrative embodiment. An array of
BPW sensors 101 provides signal input into a central system
unit 100. This central system unit 100 can be, for example,
a generic computing device (see FIG. 11 below) or an
embedded system. An acquisition unit 103 acquires the
BPW data. The BPW data is processed by a processing unit
104, explained in more detail below. A synchronization unit
105 may synchronize illumination and sensor components
required to illuminate a subject and collect data. These
various units may utilize embedded resources 106, such as
a central processing unit (CPU), a digital signal processing
unit (DSP), and graphics processing units (GPU). An aggre-
gate output, described in detail below, may be relayed to a
visualization unit 109 through a communication unit 107 via
a communication layer 108, such as over a wireless network,
wired network, or communication bus. A user interface unit
110 is connected to both the central system unit 100 and
visualization unit 109 to provide user interaction. In some
embodiments, a reference BPW sensor 300 may be con-
nected to the system to provide the reference signal.

[0029] In operation, given expected light fluctuations
across an area of interest, each location of a subject’s body
is covered by a virtual sensor and is treated independently.
Thus, multiple BPW readings are acquired through multiple
virtual sensors.

[0030] The one or more virtual sensors may be, for
example, a combination of one or more optical sensors
which can be directed to or positioned towards any part on
a subject’s body to obtain a BPW measurement. The one or
more virtual sensors may be arranged in virtual groupings of
individual pixels of a large array of optical sensors, such as
a digital camera sensor, for example. Thus, a single digital
camera sensor may contain multiple virtual sensors. Alter-
natively, multiple digital camera sensors may be positioned
at multiple locations to cover a desired field-of-view, and
each digital camera sensor may contain one or more virtual
sensors. Examples of optical sensor arrays may include a
complementary metal-oxide-semiconductor (CMOS) sen-
sor, charge-coupled device (CCD) sensor, contact patches
with embedded sensors, and distributed individual optical
sensors, such as photodetectors.

[0031] Furthermore, the present system and method may
perform region of interest aggregation using digital signal
processing (DSP). Advanced DSP is utilized to process
multiple BPW signals simultaneously from various parts of
the subject to enable generation of aggregate parametric
maps for assessing BPW characteristics at various parts of
the body simultaneously. Advantageously, the present sys-
tem and method allows a more complete picture of a
subject’s BPW pattern throughout the body to provide better
information to determine the status of the subject.
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[0032] Furthermore, the present system and method may
perform the generation of parametric maps for assessing
BPW characteristics at various parts of the body simultane-
ously. These parametric maps may be used to assess tem-
poral pulsatility characteristics and identify areas with
strong or weak pulsatile flow.

[0033] Furthermore, the present system and method may
also permit the inclusion of a contact photoplethysmography
(PPG) sensor, which is connected to a DSP and provides a
BPW as a reference waveform for improved cardiovascular
monitoring capabilities.

[0034] Referring to FIG. 2, shown is a schematic illustra-
tion of the system in reflectance mode in accordance with an
embodiment. As shown, an illumination source 102 and one
or more BPW sensors 101 are positioned at any part of a
subject’s body 202 that is of interest. For example, this may
include the head, neck and upper chest, or it could include
the entire body of the subject. Examples of a subject include
patients in a clinical environment, individuals at home, older
adults in a retirement or long-term care home, or an infant
at home or in a neonatal intensive care unit. The illumination
source 102 is optionally connected to the central system unit
100 for synchronization with the BPW sensors 101. The data
collected by the BPW sensors 101 is processed into an
aggregate visualization 205, where the BPW at each virtual
sensor 206 can be analyzed 207. As shown in FIG. 2, the
visualization of the BPW data can be overlaid on top of a
photographic image of the subject to clearly show the
location from which the BPW data was collected.

[0035] In an embodiment, the BPW sensors 101 capture
light from a subject’s body. Digital signal processing (DSP)
is applied to the resulting frames to generate a virtual sensor
at each part of the body, whereby BPWs can be extracted. A
virtual sensor is composed of groups of one or more optical
sensors. Further analysis can be performed, such as pulse
transit timing, and pulse amplitude analysis. Parametric
maps, such as signal-to-noise ratio (SNR) and entropy, can
be generated. Furthermore, the signal from one of the virtual
sensors can be used as a reference waveform, which enables
the generation of parametric maps comparing the virtual
sensor outputs to this reference waveform, such as signal-
to-noise ratio and relative spectral peak power.

[0036] In an illustrative embodiment, an optical sensor
array detects light fluctuation resulting from light that has
entered and passed through subject’s skin and/or tissue. This
light will have undergone absorption and perhaps scattering
phenomena due to molecules in the skin and tissues such as
oxyhemoglobin, deoxyhemoglobin, and melanin. The opti-
cal sensor data is sent to a DSP controller that analyzes the
data and extracts the BPW at each virtual sensor location.

[0037] In another illustrative embodiment, a camera and
light source is operatively connected to a computer to detect
the BPW at points on the surface of the subject’s skin. In
these non-contact implementations, neither the camera nor
the light source are touching the subject’s skin. In an
embodiment, pixels forming a large array of optical sensors
are grouped (e.g., using averaging) to form “virtual sensors”
covering particular locations on the subject’s skin.

[0038] Denoting a virtual sensor’s intensity value at loca-
tion (x,y) over time t as I(x,y,t), the virtual sensor’s output
is calculated using the inverse law relationship of reflectance
and absorption from Beer-Lambert law. The Beer-Lambert
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law shows that the attenuation of light follows an exponen-
tial decay as it passes through a homogeneous light-absorb-
ing medium:

where T is transmittance, I, is incident light, T is transmitted
light, € is the tabulated molar extinction coeflicient for the
light-absorbing medium, 1is the photon path length, and c is
the concentration of the medium. The spatio-temporal trans-
mittance can be written as a function of time:

1%, y, 1) _ peluyiyeny)

T(x,y, 1) =
lo{x, y)

[0039] The standard measurement signal for BPW analy-
sis is absorption (which is directly correlated with blood
volume), which exhibits an inverse logarithm law relation-
ship with transmittance:

Io(x, y) )

BPW(x, v, 1) = log(l‘x X

[0040] In some embodiments, the light source and BPW
sensors are on the same side of the tissue, in “reflectance
mode”, as shown by way of example in FIG. 2. The optical
sensor array detects light that has entered the tissue and
subsequently scattered back toward the surface while under-
going photonic absorption events.

[0041] Now referring to FIG. 3, the system is once again
shown in reflectance mode, but this time with the inclusion
of a contact photoplethysmography (PPG) sensor 300 on the
subject, which is connected to the central system unit 100.
In this embodiment, the contact PPG sensor provides a
reference BPW, which enables the generation of parametric
maps comparing the virtual sensor outputs to the contact
PPG signal as the reference signal, such as signal-to-noise
ratio and relative spectral peak power.

[0042] In an alternative embodiment, as shown in FIG. 4,
the system and method may operate in transmittance mode,
where the illumination source 102 and BPW sensors 101
surround the tissue of a subject’s body 202 under analysis.
The light transmitted through the tissue is analyzed in a
similar way as in reflectance mode, producing a series of
BPWs across multiple locations. Transmittance mode sys-
tems are more hygienic than contact-based sensors, such as
finger PPGs, are able to compensate for peripheral motion,
and enable spatial analysis.

[0043] Insome implementations, the light sources that can
be used include, but are not limited to, incandescent light
sources (such as halogen light sources), light emitting diode
(LED) light sources, fluorescent light sources, and xenon
strobe light sources. In other implementations, the light
sources can be the Sun, or ambient lighting, and may not be
connected to the electronics as shown by the dashed line 208
in FIGS. 2-4.

[0044] In an embodiment, the BPW sensors 101 export
light data to a DSP unit. The DSP processes the input to
generate BPWs from the virtual sensors, and may compute
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cardiovascular parameters such as heart rate, interbeat inter-
vals, respiratory rate, and heart rate variability. The com-
puter stores the data in memory. The computer displays the
results in a graphical user interface onto an 1/0 device that
is attached physically or through a network connection, such
as a monitor or a smartphone. In another implementation,
the DSP is performed using on-board embedded computing.

[0045] Now referring to FIG. 5, shown is an example
output of the system. In this illustrative example, an SNR
parametric map visualization 500 is generated to show the
areas with strong BPWs. Using a color screen, different parts
of the subject may be shown in different colors to show
BPW intensity (e.g. red indicates strong BPW, blue indicates
weak or no BPW). BPWs from the system are shown in three
locations 501, 502, 503 and may be compared to the BPW
from a contact PPG sensor 300, which is used as a reference
signal. Note that in some implementations, the BPW from
one of the virtual sensors can be used as a reference signal
instead of the BPW from a contact PPG sensor 300.

[0046] In some implementations, the spatial location of
the skin can be tracked if the camera and/or user are moving.
Tracking and movement compensation can be performed
through DSP methods that employ object or landmark
tracking over frames. Thus, the coordinates of I¥(x,y,t) are
corrected to the area of interest. In particular, given move-
ment-induced transformation Y, the motion-corrected frame
is computed as:

Sxp)=Y ' (gxp0)

where g(x,y,t) is the captured frame, and f{x,y,t) is the
motion-corrected frame.

[0047] In some implementations, the system includes a
contact PPG sensor 300 that is placed on the user and
provides a BPW as a reference waveform for improved
cardiovascular monitoring capabilities. In other implemen-
tations, the BPW from one of the virtual sensors may be used
as a reference waveform instead of the BPW.

[0048] In some implementations, the light source and
BPW sensors are positioned on opposite sides of a part of the
subject’s body, such as a finger. The light undergoes similar
light-tissue interactions, and the fluctuations of light incident
on the sensors are recorded and processed to elucidate the
BPW.

[0049] Human movement results in another type of noise.
The incident on the skin decreases as the skin moves further
away, and increases as the skin moves closer. To compensate
for these fluctuations in illumination, a detrending method is
used. One example of a detrending method estimates a slow
trend over time, and removes this trend from the original
data. Mathematically, the BPW is modeled as the sum of two
latent signals:

BPWE0=BPW o5, 3,0+ BPW g3, 1:1)

[0050] Given that BPW(x,y,t) is measured, BPW, _(x.y,t)
can be solved by estimating BPW, _, (x,y,t) assuming a
linear model, subtracting it from the original signal, and
solving using regularized least squares, which provides the
following estimate of the true detrended signal (in matrix
form) [13]:

BPW trae=(t+12D,TDy) 04

where 1 is the identity matrix, A is a relative weighting term,
and D, is the discrete approximation of the second deriva-
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tive. The resulting BPW el X¥o1) 18 a spatial-spectral data
cube, containing BPWs for each location.

[0051] FIGS. 6A-6D show different examples of aggre-
gate parametric maps that may be generated using the
system. Here, signal-to-noise ratio 600, entropy 601, relative
spectral peak power 602, and Pearson’s linear correlation
coeflicient 603 are shown in FIGS. 6A-6D, respectively. As
shown in FIGS. 6A-6D, each type of aggregate parametric
map can be overlaid on a photographic image of the subject,
such that the exact location from which the data was
collected can be shown. Different colors may be used to
identify different regions of a subject’s body covered by
each type of parametric map. These different types of
parametric maps as illustrated in FIGS. 6 A-6D may be used
to identify and elucidate different characteristics of blood
flow to assist in analysis of a subject’s condition.

[0052] In one embodiment of the system, a camera system
is used with a finger PPG to identify the strength of the BPW
at all locations of the skin. The PPG is treated as the
reference signal. The computational backend calculates the
signal-to-noise ratio (SNR) of each virtual sensor to deter-
mine a BPW strength map. Mathematically, given the spec-
tral magnitudes of the camera at location (x,y) (M) and PPG
(M*), calculated for example by the Fourier transform, the
SNR is calculated as:

. %87
SNR(M. M*) = 10logyq s

for each frequency bin 1, where

[0053] Another metric that can be used is the relative
spectral peak power:

2
. My,
RSSPM, M*) = ——— "
Zicq,... mt—Lawire1y Mgy

where hr is the frequency index representing the heart rate,
which can be found through peak analysis on M*.

[0054] Another metric that can be used is Pearson’s linear
correlation coefficient (PLCC):

(o T o -
pLCCHM, b)) = . ) )

v’zmbﬁn—mz (o -

where b, b® are two BPWs.
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[0055] In another embodiment of the system, a camera
system (from which virtual sensors are obtained) is used
without a contact PPG sensor to identify the strength of the
BPW at all locations of the skin. The BPW of one of the
virtual sensors is treated as the reference signal. The DSP
backend calculates the SNR, RSSP, or PLCC of each virtual
sensor relative to the reference signal (which is the BPW of
one of the virtual sensors) to determine a BPW strength map.

[0056] In yet another embodiment of the system, a BPW
strength map is generated without the use of a finger PPG
cuff. Instead, an approximation of SNR is computed. For
example, entropy can be used to approximate SNR, since it
is expected that a high SNR signal will have low entropy. In
particular spectral entropy for the signal at location (x,y) can
be calculated as:

Hix,y) == Plog,P;

where P, is the spectral power of the signal at location (X,y)
for frequency i. This entropy can be thresholded to only
consider signals that are cleanly within physiologically valid
heart rates (e.g., 30-250 bpm).

[0057] These point-based metrics are used to generate
parametric maps based on the data cube, where each point
in the map contains a value. These can be used to assess
blood perfusion across an area. For example, an SNR, RSSP,
PLCC, or entropy parametric map can help identify areas
with strong pulsatility at that location. For example, a phase
correlation map can help identify the relative phase, or pulse
timing, at different parts of the body.

[0058] In one embodiment of the system, enhanced BPWs
can be extracted from a video. In this embodiment, a metric
can be used to weight individual locations’ signals based on
their signal power. This can be expressed as a Bayesian least
squares formulation:

%= argmin{E[2 -2) 2~ 2) | X]}

= argminif(i -7 G- 2P| X)dz

where P(zIX) is the posterior probability of z being the BPW
signal given the measurements X. The optimal solution is
found by setting the derivate to 0, simplifying the equation
to:

#=[zP(z| X)dz

[0059] In order to solve this equation, the posterior dis-
tribution must be modeled. This can be done, for example,
using a weighted average approach:

Pel =] o

Wi

pi=v—
L

[0060] In some implementations, a spatial-spectral
weighting scheme is used to identify the signals that have
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high signal fidelity (low entropy) and do not occur at a
boundary. The spectral weight can be defined, for example,
as:

w =

H)?
{ exp(— u], if the maximum peak is physiologically valid
4]

0, otherwise

where H,* is the normalized spectral entropy, and a, is a
tuning parameter. The spatial weight can be defined, for
example, as:

where G, is the squared discrete gradient across the image,
and o, is a tuning parameter. Then, the posterior distribution
can be defined using:

[0061] The result is an enhanced BPW data cube for a
subset location. For example, the spatial-spectral enhance-
ment can be applied to extract a more robust BPW at each
virtual sensor. Other weights can be used in the same
framework. This BPW can be analyzed to calculate cardiac
measurements, such as heart rate, heart rate variability,
interbeat interval, respiratory rate, and identify arrhythmias.
Respiratory rate can be extracted by analyzing the interbeat
intervals, since heart rate is mediated by the change in lung
volume. Blood oxygen saturation can be extracted using 2 or
more wavelengths on either side of oxy and deoxyhemo-
globin’s isosbestic point, where the two chromophore’s
absorption ability crosses over (e.g., there is one at 805 nm)
and measuring the difference in absorption relative to a
calibrated reflectance standard. For example, given two
wavelengths A, A, the modulation ratio can be calculated
by:

ACHE | DCW
ACHY [ DCt2)

where AC,,,,; is the pulsatile signal component, and DC is the
steady state signal component. M could also be calculated

solely using the AC component:

ACH

AC

[0062] Then a calibration procedure can be used to pro-
duce a calibrated oxygen saturation model:

5,0,=fM1S)
where f(*IS) is a calibrated model given the known S, which
is the true 8,0, value. A linear model could be expressed as:

S,00=a-bM
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where a, b are calibration parameters acquired in a con-
trolled calibration setting knowing the true value of 5,0,
[0063] Now referring to FIG. 7, shown is an illustrative
flow chart of a method in accordance with an embodiment.
The general phases include tissue illumination, illumination
detection, BPW processing and extraction, aggregate output
computation, and display visualization. For example, step
702 of the method involves illuminating a body area with a
light source. Step 704 of the method is to collect intensity
values at each location using an array of optical sensors (i.e.,
one or more virtual sensors). At step 706, the intensity
fluctuations acquired by the sensors are transferred to the
acquisition unit and stored in memory for further analysis.
At step 708, one or more DSP techniques are applied to
process these signals to extract the BPW signal from each
suitable location, as explained above. At step 710, an aggre-
gate output (e.g., parametric maps) is computed and, at step
712, displayed to the user for visualization.

[0064] Now referring to FIGS. 8A and 8B, schematically
shown is the relationship between an optical sensor array
and virtual sensors. Virtual sensors are combinations of one
or more optical sensors. Optical sensors may be, but are not
limited to, a grid (e.g., CMOS, CCD, etc.), or a spatially
distributed set of optical sensors (e.g. photodetectors, indi-
vidual cameras, etc.).

[0065] Now referring to FIGS. 9A-9C, shown are a series
of frames in which pulse visualization can be relayed to the
user. In this illustrative example, pixels are modified based
on the BPW pulse, generating a video where the pulse at
every location is made adaptively enhanced based on its
strength. This visualization can be relayed visually using, for
example, color maps and a video with changing pixel
intensity values. These visual fluctuations are performed
over the entire area synchronously with the BPW variation
at that location. This enables visual analysis of pulses and
blood flow. Mathematically:

Q=T(z)

where T is a transformation or mapping function that gen-
erates a normalized strength score ©Q based on the BPW z,
where T(z):z—[0,1]. For example, T can follow a sigmoid
definition:

1

T — -
@ 1+ exp(—a; -SNR(z) + a;)

where a,, a, are mapping parameters. Another example of T
is:

T(z)=SNR(2)" L svmeymn

where 1 is the indicator function and v is a threshold
parameter. T(z) can use any other type of strength metric, for
example RSSP, entropy, etc. It may be beneficial to apply a
filter to reduce the “blockiness” of the video, for example a
Gaussian low-pass filter:

Q=046
oo L ( xz]
e W
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[0066] Each location is then normalized to determine its
amplified BPW:

O, y) - mindy)

Qx, y) = —= .
max({)) — min({2)

e[0,1]

[0067] These enhanced signals can be overlaid on top of
the original frames for pulse visualization, for example,
using a layer transparency. Various color maps can be
applied for visualization, such as sequential and divergent
color maps.

[0068] The system and method is not constrained to ana-
lyzing arterial blood flow. During supine or reclined posi-
tion, the pulsatile nature of the jugular vein (the “jugular
venous pulse waveform” (JVP)) provides insight into car-
diac function. Though this has been conventionally assessed
using invasive catheterization, the system can provide an
optical solution to this problem. Due to its direct link to the
right atrium, differential heart pressure changes influence the
jugular blood volume, which is analyzed by the proposed
system. Specifically. the “inverted” nature of the pulse can
be identified in direct or indirect means, possibly using the
aforementioned parametric maps. FIG. 10 shows an example
where the pulsatile characteristics of the jugular vein 1000
can be detected by the system and interpreted as the JVP
1001, with the characteristic JVP inflection points (a, ¢, X, v,
and y waves) clearly observed. This information may be
displayed to a doctor or primary caregiver for non-invasive
JVP monitoring and diagnosis.

[0069] The system and method can extract BPWs without
having direct view to the skin. For example, inspired from
ballistocardiography, folds in the clothing fabric can be
analyzed for heart beat-induced movements, elucidating the
cardiac cycle. For example, the system can detect potential
blood clots by observing changes in cardiovascular state,
such as reduced flow (increased resistance), asymmetric
flow, and pulse wave velocity analysis. For example, multi-
individual tracking can be done to measure the cardiorespi-
ratory parameters and BPWs of multiple individuals within
the sensors’ field of view. This has applications in both
clinical monitoring and surveillance.

[0070] The system and method can be used for many
different applications. For example, heart rate and respira-
tory rate can be extracted provide a personal cognitive stress
indication, perhaps based on certain input stimuli. This can
be abstracted to surveillance settings, where physiological
patterns can be assessed for lie detection and detecting
suspicious activity.

[0071] In one embodiment, the system and method can be
used for vein visualization. Vein visualization is important
for identifying veins for venous access procedures to reduce
the number of stick attempts on patients, and may have
applications in assessing increased central venous pressure
with fluid accumulation. As opposed to arteries, veins gen-
erally have constant flow back to the heart, and do not
exhibit pulsatility. Thus, locations with little-to-no pulsatil-
ity can be identified as venous structures.

[0072] In another embodiment of the system and method,
infant cardiorespiratory monitoring can be accomplished by
positioning the system above or beside the bed or crib. The
system may extract BPWs, heart rate, respiratory rate, etc.,
and can transmit this data over a network so that the parents
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can monitor the infant’s vital signs, or to caregivers in a
neonatal intensive care unit (NICU). This monitoring is
especially important for infants since conventional medical
devices such as finger PPG, electrocardiagram, blood pres-
sure cuffs are too large for the small anatomy of the infant,
and may potentially damage the child’s fragile skin. This
type of monitoring can help prevent diseases that would
otherwise need to be assessed clinically, such as infant death
syndrome, and can monitor the health status of developing
children.

[0073] In another embodiment, the system can be used for
wound healing analysis, such as hematomas and burns.
Generating parametric maps listed above can help identify
areas that are healing, or track the healing process. Wound
healing is often associated with vascular changes around the
wound to facilitate the healing process. Vascular damage,
such as hematomas, are caused by a rupture in the blood
vessels. This leads to increase in blood volume and decrease
in pulsatility. Assessing the change in pulsatility strength
over time can help assess the effectiveness of healing.
[0074] Inanother embodiment, the system and method can
be used to detect the direction of blood flow. This can be
accomplished by analyzing time at which the pulse reaches
a certain location, and track it over time. This can be helpful
for generating blood vessel maps so that any changes in
vascular structure over time can be tracked without the use
of ionizing radiation, as in angiography or arteriography.
[0075] Inanother embodiment, the system and method can
be used to detect the presence, absence or quality of BPWs
in real-time to assess the effectiveness of cardiopulmonary
resuscitation by relaying the effective carotid BPW through
an aggregate output visualization. The quality and charac-
teristics of the BPW can be used to estimate hemodynamic
characteristics using a calibration model. If insufficient
cerebral blood flow through the carotid artery is detected, a
warning or alternative visualization can be sent to the user
to alter their technique. The system can be operated in either
fixed or handheld format using available embedded
resources for real-time analysis.

[0076] In some embodiments, different types of optical
BPW sensors can be used and fused together. For example,
a temperature BPW sensor, such as a thermal camera, can be
used to provide temperature information. This can help
identify changes in temperatures over time, and for detecting
and/or predicting illnesses before it 1s allowed to spread.
[0077] The system and method can be mounted in differ-
ent indoor and outdoor locations. In some implementations,
the system is mounted on a wall or ceiling, with a field of
view encompassing a room or outdoor area. In another
implementation, the system is mounted on a cart with
wheels, for example a medical cart, which can be moved
toward a user.

[0078] Now referring to FIG. 11, shown is a suitably
configured computer device, and associated communica-
tions networks, devices, software and firmware which may
provide a platform for enabling one or more embodiments as
described above. By way of example, FIG. 11 shows a
generic computer device 1100 that may include a central
processing unit (“CPU”) 1102 connected to a storage unit
1104 and to a random access memory 1106. The CPU 1102
may process an operating system 1101, application program
1103, and data 1123. The operating system 1101, application
program 1103, and data 1123 may be stored in storage unit
1104 and loaded into memory 1106, as may be required.
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Computer device 1100 may further include a graphics pro-
cessing unit (GPU) 1122 which is operatively connected to
CPU 1102 and to memory 1106 to offload intensive image
processing calculations from CPU 1102 and run these cal-
culations in parallel with CPU 1102. An operator 1110 may
interact with the computer device 1100 using a video display
1108 connected by a video interface 1105, and various
input/output devices such as a keyboard 1110, pointer 1112,
and storage 1114 connected by an 1/O interface 1109. In
known manner, the pointer 1112 may be configured to
control movement of a cursor or pointer icon in the video
display 1108, and to operate various graphical user interface
(GUI) controls appearing in the video display 1108. The
computer device 1100 may form part of a network via a
network interface 1111, allowing the computer device 1100
to communicate with other suitably configured data process-
ing systems or circuits. One or more different types of
sensors 1130 connected via a sensor interface 1132 may be
used to search for and sense input from various sources. The
sensors 1130 may be built directly into the generic computer
device 1100, or optionally configured as an attachment or
accessory to the generic computer device 1100.

[0079] Thus, in an aspect, there is provided a method of
measuring arterial or venous blood pulse waveforms
(BPWs) of a subject utilizing photoplethysmography (PPG),
comprising: providing a plurality of virtual sensors posi-
tioned to cover a desired field-of-view of the subject, each
virtual sensor adapted to detect and measure a BPW signal
from an area of a subject’s body and provide a BPW signal
output; processing the BPW signal outputs of the plurality of
virtual sensors to compare the BPWs at multiple areas of the
subject’s body to perform spatial perfusion analysis; and
displaying at least one aggregate output based on the spatial
perfusion analysis.

[0080] In an embodiment, the plurality of virtual sensors
are formed from an array of one or more optical sensors
positioned around the subject.

[0081] In another embodiment, the at least one aggregate
output comprises a visualization of one or more perfusion
patterns overlaid on an image of the subject.

[0082] In another embodiment, the at least one aggregate
output further comprises aggregate statistics such as subject
heart rate data and breathing rate data.

[0083] In another embodiment, the method further com-
prises using the signal of one of the virtual sensors as a
reference waveform for cardiovascular monitoring in the
generation of parametric maps for assessing BPW charac-
teristics at various parts of the body simultaneously.
[0084] In another embodiment, the method further com-
prises the inclusion of a contact photoplethysmography
(PPG) sensor which is connected to a digital signal proces-
sor and provides a reference BPW signal as a reference
waveform.

[0085] In ancther embodiment, the method further com-
prises combining the BPW signal outputs of the plurality of
virtual sensors with one or more reference signals to deter-
mine pulsality strength of a subject.

[0086] In another embodiment, the method further com-
prises monitoring the BPW signal outputs of the plurality of
virtual sensors to determine the presence and quality of a
BPW during cardiopulmonary resuscitation.

[0087] In another embodiment, the method further com-
prises using the presence and quality of a BPW to determine
the effectiveness of cardiopulmonary resuscitation.
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[0088] In another embodiment, the method further com-
prises displaying an aggregate visualization to describe the
effectiveness of cardiopulmonary resuscitation.

[0089] In another embodiment, the method further com-
prises utilizing the BPW signal outputs of the plurality of
virtual sensors to monitor a jugular venous pulse waveform
(JVP) of a subject.

[0090] In another embodiment, the method further com-
prises utilizing the BPW signal outputs of the plurality of
virtual sensors to monitor neonates in naturalistic or inten-
sive care environments.

[0091] In another aspect, there is provided a system for
measuring arterial or venous blood pulse waveforms
(BPWs) of a subject utilizing photoplethysmography (PPG),
comprising: a plurality of virtual sensors positioned to cover
a desired field-of-view of the subject, each virtual sensor
adapted to detect and measure a BPW signal from an area of
a subject’s body and provide a BPW signal output; a
processor for processing the BPW signal outputs of the
plurality of virtual sensors to compare the BPWs at multiple
areas of the subject’s body to perform spatial perfusion
analysis; and a display for displaying at least one aggregate
output based on the spatial perfusion analysis.

[0092] In an embodiment, the plurality of virtual sensors
are formed from an array of one or more optical sensors
positioned around the subject.

[0093] In another embodiment, the at least one aggregate
output comprises a visualization of one or more perfusion
patterns overlaid on an image of the subject.

[0094] In another embodiment, the at least one aggregate
output further comprises aggregate statistics such as subject
heart rate data and breathing rate data.

[0095] In another embodiment, the system is further
adapted to use the signal of one of the virtual sensors as a
reference waveform for cardiovascular monitoring in the
generation of parametric maps for assessing BPW charac-
teristics at various parts of the body simultaneously.
[0096] In another embodiment, the system further com-
prises the inclusion of a contact photoplethysmography
(PPG) sensor which is connected to a digital signal proces-
sor and provides a reference BPW signal as a reference
waveform.

[0097] In another embodiment, the system is further
adapted to combine the BPW signal outputs of the plurality
of virtual sensors with one or more reference signals to
determine pulsality strength of a subject.

[0098] In another embodiment, the system is further
adapted to monitor the BPW signal outputs of the plurality
of virtual sensors to determine the presence and quality of a
BPW during cardiopulmonary resuscitation.

[0099] In another embodiment, the presence and quality of
a BPW is used to determine the effectiveness of cardiopul-
monary resuscitation.

[0100] In another embodiment, the system is further
adapted to display an aggregate visualization to describe the
effectiveness of cardiopulmonary resuscitation.

[0101] In another embodiment, the system is further
adapted to utilize the BPW signal outputs of the plurality of
virtual sensors to monitor a jugular venous pulse waveform
(JVP) of a subject.

[0102] In another embodiment, the system is further
adapted to utilize BPW signal outputs of the plurality of
virtual sensors to monitor neonates in naturalistic or inten-
sive care environments.
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[0103] While illustrative embodiments have been
described above by way of example, it will be appreciated
that various changes and modifications may be made with-
out departing from the scope of the system and method,
which is defined by the following claims.
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1. A method of measuring arterial and venous blood pulse
waveforms (BPWs) of a subject utilizing photoplethysmog-
raphy (PPG), comprising:

providing a plurality of virtual sensors positioned to cover

a desired field-of-view of the subject, each virtual
sensor adapted to detect and measure a BPW signal
from an area of a subject’s body and provide a BPW
signal output;

processing the BPW signal outputs of the plurality of

virtual sensors to compare the BPWs at multiple areas
of the subject’s body to perform spatial perfusion
analysis; and

displaying at least one aggregate output based on the

spatial perfusion analysis.

2. The method of claim 1, wherein the plurality of virtual
sensors are formed from an array of one or more optical
sensors positioned around the subject.

3. The method of claim 1, wherein the at least one
aggregate output comprises a visualization of one or more
perfusion patterns overlaid on an image of the subject.

4. The method of claim 3, wherein the at least one
aggregate output further comprises aggregate statistics such
as subject heart rate data and breathing rate data.

5. The method of claim 1, further comprising using the
signal of one of the virtual sensors as a reference waveform
for cardiovascular monitoring in the generation of paramet-
ric maps for assessing BPW characteristics at various parts
of the body simultaneously.

6. The method of claim 1, further comprising the inclusion
of a contact photoplethysmography (PPG) sensor which is
connected to a digital signal processor and provides a
reference BPW signal as a reference waveform.

7. The method of claim 1, further comprising combining
the BPW signal outputs of the plurality of virtual sensors
with one or more reference signals to determine pulsality
strength of a subject.

8. The method of claim 1, further comprising monitoring
the BPW signal outputs of the plurality of virtual sensors to
determine the presence and quality of a BPW during car-
diopulmonary resuscitation.

9. The method of claim 8, further comprising using the
presence and quality of a BPW to determine the effective-
ness of cardiopulmonary resuscitation.

10. The method of claim 9, further comprising displaying
an aggregate visualization to describe the effectiveness of
cardiopulmonary resuscitation.

11. The method of claim 1, further comprising utilizing
the BPW signal outputs of the plurality of virtual sensors to
monitor a jugular venous pulse waveform (JVP) of a subject.
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12. The method of claim 1, further comprising utilizing
the BPW signal outputs of the plurality of virtual sensors to
monitor neonates in naturalistic or intensive care environ-
ments.

13. A system for measuring arterial and venous blood
pulse waveforms (BPWs) of a subject utilizing photopl-
ethysmography (PPG), comprising:

a plurality of virtual sensors positioned to cover a desired

field-of-view of the subject, each virtual sensor adapted
to detect and measure a BPW signal from an area of a
subject’s body and provide a BPW signal output;

a processor for processing the BPW signal outputs of the
plurality of virtual sensors to compare the BPWs at
multiple areas of the subject’s body to perform spatial
perfusion analysis; and

a display for displaying at least one aggregate output
based on the spatial perfusion analysis.

14. The system of claim 13, wherein the plurality of
virtual sensors are formed from an array of one or more
optical sensors positioned around the subject.

15. The system of claim 13, wherein the at least one
aggregate output comprises a visualization of one or more
perfusion patterns overlaid on an image of the subject.

16. The system of claim 15, wherein the at least one
aggregate output further comprises aggregate statistics such
as subject heart rate data and breathing rate data.

17. The system of claim 13, wherein the system is further
adapted to use the signal of one of the virtual sensors as a
reference waveform for cardiovascular monitoring in the
generation of parametric maps for assessing BPW charac-
teristics at various parts of the body simultaneously.

18. The system of claim 13, further comprising the
inclusion of a contact photoplethysmography (PPG) sensor
which is connected to a digital signal processor and provides
a reference BPW signal as a reference waveform.

19. The system of claim 13, wherein the system is further
adapted to combine the BPW signal outputs of the plurality
of virtual sensors with one or more reference signals to
determine pulsality strength of a subject.

20. The system of claim 13, wherein the system is further
adapted to monitor the BPW signal outputs of the plurality
of virtual sensors to determine the presence and quality of a
BPW during cardiopulmonary resuscitation.

21. The system of claim 20, wherein the presence and
quality of a BPW is used to determine the effectiveness of
cardiopulmonary resuscitation.

22. The system of claim 21, wherein the system is further
adapted to display an aggregate visualization to describe the
effectiveness of cardiopulmonary resuscitation.

23. The system of claim 13, wherein the system is further
adapted to utilize the BPW signal outputs of the plurality of
virtual sensors to monitor a jugular venous pulse waveform
(IVP) of a subject.

24. The system of claim 13, wherein the system is further
adapted to utilize BPW signal outputs of the plurality of
virtual sensors to monitor neonates in naturalistic or inten-
sive care environments.
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