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1
MEASURING MULTIPLE PHYSIOLOGICAL
PARAMETERS THROUGH BLIND SIGNAL
PROCESSING OF VIDEO PARAMETERS

This application claims the benefit, under 35 U.S.C. §
119(e), of U.S. Provisional Application No. 61/793,255,
which was filed Mar. 15, 2013, and which is hereby incor-
porated by reference herein in its entirety.

BACKGROUND

The present disclosure is related to patient support sys-
tems. More specifically, the present disclosure is related to
patient support systems including cameras.

SUMMARY

The present application discloses one or more of the
features recited in the appended claims and/or the following
features which, alone or in any combination, may comprise
patentable subject matter:

A patient support system includes a patient support appa-
ratus, a camera, and a controller. The controller is coupled to
the patient support apparatus and to the camera.

In some embodiments, the controller may be configured
to receive image data from the camera and to determine
pulmonary and/or circulatory characteristics of a patient
supported on the patient support apparatus. The controller
may be configured to determine relative blood pressure
value of a patient supported on the patient support apparatus
based on image data from the camera.

In some embodiments, the controller may be configured
to resolve color signals corresponding to a patient face and
to a patient extremity based on image data from the camera.
The controller may also be configured to determine blood
volume pulse information corresponding to the patient face
and to the patient extremity based on the color signal. The
controller may be configured to determine a relative blood
pressure value based on the blood volume pulse information
corresponding to the patient face and to the patient extrem-
ity.

In some embodiments, resolving color signals corre-
sponding to the patient face and to the patient extremity may
include determining which portion of the image data con-
tains a patient face and which portion of the image data
contains a patient extremity. Determining which portion of
the image data contains a patient face and which portion of
the image data contains a patient extremity may include
detecting skin and performing gradient analysis to detect
body edges. The controller may be configured to enhance the
portions of the image data that contain the patient face and
the patient extremity.

In some embodiments, the controller may be configured
to enhance the portions of the image data that contain the
patient face and the patient extremity by blob processing the
portions of the image data to reshape the image using convex
hulls of contours and filling the area into a closed shape. The
controller may be configured to process the closed shape
using blind signal processing.

In some embodiments, determining blood volume pulse
information corresponding to the patient face and to the
patient extremity may include transforming the color signals
into three independent source signals using independent
component analysis. The independent component analysis
may be based on the joint approximate diagonalization of
eigenmatrices algorithm.
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In some embodiments, the controller may be configured
to order the three independent source signals by reviewing
the power spectrum of the three independent source signals.
Determining blood volume pulse information corresponding
to the patient face and to the patient extremity may include
selecting a signal of interest with the highest peak from the
three independent source signals by determining the power
spectrum of the three independent signals. The controller
may be configured to smooth the signal of interest using a
five-point moving average filter and bandpass filter.

In some embodiments, determining relative blood pres-
sure based on the blood volume pulse information may
include comparing time differences between peak blood
volume pulse information corresponding to the patient face
and peak blood volume pulse information corresponding to
the patient extremity. The controller may be configured to
determine actual blood pressure based on the relative blood
pressure value.

In some embodiments, the camera is coupled to the
patient support apparatus. In other embodiments, the camera
is spaced apart from the patient support apparatus.

According to another aspect of the present disclosure, a
method of determining a circulatory patient characteristic
corresponding to a patient supported on a patient support
apparatus is disclosed. The method may include receiving
image data from a camera, determining blood volume pulse
information based on the image data, and determining a
relative blood pressure value based on the blood volume
pulse information corresponding to the patient face and to
the patient extremity.

In some embodiments, the method may include receiving
an externally entered blood pressure value and determining
an actual blood pressure value based on the externally
entered blood pressure value and the relative blood pressure
value. Determining relative blood pressure based on the
blood volume pulse information may include comparing
time differences between peak blood volume pulse informa-
tion corresponding to a patient face and peak blood volume
pulse information corresponding to a patient extremity. In
some embodiments, the image data may include data cor-
responding to a patient face and to a patient extremity.

Additional features, which alone or in combination with
any other feature(s), including those listed above and those
listed in the claims, may comprise patentable subject matter
and will become apparent to those skilled in the art upon
consideration of the following detailed description of illus-
trative embodiments exemplifying the best mode of carrying
out the invention as presently perceived.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description particularly refers to the accom-
panying figures in which:

FIG. 1 is a perspective view of a patient support system
including a camera;

FIG. 2 is a diagrammatic view of the patient support
system of FIG. 1;

FIG. 3 is a flow chart showing a process for determining
ablood pressure value based on image data from the camera;

FIG. 4 is a flow chart showing a first sub-process included
in the process of FIG. 3;

FIG. 5 is a flow chart showing a second sub-process
included in the process of FIG. 3;

FIG. 6 is a flow chart showing a third sub-process
included in the process of FIG. 3; and
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FIG. 7 is a perspective view of an alternative patient
support system.

DETAILED DESCRIPTION OF THE DRAWINGS

A patient support system 10 illustratively includes a
patient support apparatus (sometimes called a bed frame) 12,
a support surface (sometimes called a mattress) 14, a cam-
eral (shown diagrammatically) 16, and a control system 18
as shown in FIG. 1. The control system 18 is configured to
determine physiological characteristics of a patient sup-
ported on the patient support surface 14 based on image data
collected by the camera 16. The physiological information
determined may then be communicated to a caregiver, used
to adjust operation of the patient support system 10, or
stored for other uses.

In the illustrative embodiment, the control system 18
includes a controller 20, a motion system 22 coupled to the
controller 20, and an air system 24 coupled to the controller
20 as shown diagrammatically in FIG. 2. The motion system
22 is configured to reposition the patient support apparatus
12 to support a patient on the patient support surface in a
number of different positions (such as a sit-up position as
shown in FIG. 1). The air system 24 is configured to inflate
and deflate bladders in the patient support surface 14 and
may provide air driven therapies to a patient on the patient
support surface 14.

The control system 18 also includes a user interface
system 26 coupled to the controller 20 and a communication
system 28 coupled to the controller 22 as shown in FIG. 2.
The user interface system 26 allows the control system to
send information to a user via a touch screen display 30 and
to receive information from a user via the touch screen
display 30 or other user inputs 32, 34, 36 as shown in FIG.
1. The communication system 28 illustratively includes a
transceiver (not shown) configured to communicate with a
hospital information system, a nurse call system, and/or
other networked devices in a care center.

The controller 20 illustratively includes a processor 40
and a memory 42 coupled to the processor 40. The memory
42 is configured to store instructions that are performed by
the processor 40 to operate the patient support system 10.

In the illustrative embodiment, instructions stored in the
memory 42 provide a method for measuring multiple physi-
ological parameters using video images of a patient sup-
ported on the patient support system 10. By applying Inde-
pendent Component Analysis (ICA), Blind Source
Separation (BSS), or other Blind Signal Processing tech-
nique to the red, green and blue (RGB) components of each
image frame, it is possible to extract Blood Volume Pulse
(BVP) Information, which in turn can be used to quantify
Heart Rate (HR), Respiratory Rate (ResR), and Heart Rate
Variability (HRV), an Index for cardiac autonomic activity.
Additionally, Pulse Transit Time (PTT) can be extracted and
used to determine relative Blood Pressure (PB). With the
Inclusion of a baseline PB reading, the method is capable of
generating real time BP related data via remote monitoring.
Applications for relative BP include sleep apnea detection,
autonomic arousals, peripheral vascular disease, and others.

In general, Independent Component Analysis (ICA) is a
technique for uncovering independent signals from a set of
observations that are composed of linear mixtures of the
underlying sources. Similar analysis is discussed in P Com-
mon, “Independent Component Analysis, a new concept?”
Signal Process.. vol. 36, pp. 287-314, 1994, which is hereby
incorporated herein in its entirety to promote understanding
of the present disclosure.
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The underlying signal of interest in this case is the BVP
that propagates through the body. During the cardiac cycle,
increased flow through the body’s blood vessels result in
forces produced by the body onto objects that are connected
or in close proximity to the body. This is the principle which
allows blood pressure to be taken with a simple blood
pressure cuff.

As the BPV of the patient changes, the component RGB
video channels from the camera 16 records a mixture of
signals with different weights. These observed signals are
denoted by yi(t), y5(t), and yz(1), which are the amplitudes
of the recorded signals at time point t. Assuming three
underlying source signals, represented by x,(t), x,(t), and
%5(1). The ICA model assumes that the observed signals are
linear mixes of the sources, i.e.,

O=4x(0) )

where column vectors y(£)=[yz(t), y4(t), vz, x(O=[x,(1),
X,(1), X5(1)] %, and the square 3x3 matrix A contains a mixture
coeflicients a,,. The aim of ICA Is to find a demixing matrix
W that is an approximation of the inverse of the original
mixing matrix A whose output

(O=My(@) @

Is an estimate of the vector x(t) containing the underlying
source signals. To uncover the independent sources, W must
maximize the non-Gaussianity of each source. In practice,
Iterative methods are used to maximize or minimize a given
cost function that measures non-Gaussianity.

In the illustrative embodiment, the memory 42 includes
instructions for performing a process 110 to provide relative
and/or actual blood pressure values based on information
from the camera 16 as shown in FIGS. 3-6. The process 110
includes the sub-processes of resolving RGB signals 210,
determining BVP 310, and finally determining a BP Value
410 as shown in FIG. 3.

Turning now to FIG. 4, the subprocess 210 is shown. In
a first step 212 of process 210, the camera 16 is used to
capture image data. The image data is illustratively captured
15 fps (frames per second), which is adequate for recovery
of BVP. The image data is first preprocessed in a step 214 to
correct for any lighting or color problems. The image is then
analyzed to determine which portion on the Image contains
the face, hands, and feet in a step 216. The face portion is
needed to capture any of the physiological parameters
discussed, while a hand or foot extremity is needed to
capture relative Blood Pressure. The face, hands, and feet
components of the image are determined through a segmen-
tation process that uses skin detection coupled with gradient
analysis to detect body edges. Proper identification of each
component can be made using the known anatomy of the
human body to infer which skin positions are face, hands,
and feet. Image artifacts that are smaller than a predeter-
mined limit (i.e. 300 pixels) are discarded.

Once the contour of the components are known, blob
processing will further enhance the portion of the Image of
Interest by reshaping the image using convex hulls of
contours and filling the area into a closed shape. This shape
represents the area of interest for the Blind Signal Process-
ing. The data is then further preprocessed in steps 218R,
218G, 218B to remove offset and gain errors and trending
artifacts (smoothing). This results in an 8-bit signal for each
RGB signal.

Detrending, if necessary, would be accomplished through
normalization based on a smoothness priors approach and
normalized as follows:
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for each =1, 2, 3 where and o are the mean and standard
deviation of y,(t), respectively. A similar approach is dis-
cussed in M. P. Tarvainen, P. O. Ranta-Aho, and P. A.
Karjalainin, “An advanced detrending method with appli-
cations to HRV analysis,” IEEE Trans. Blamed. Eng., vol.
49, no. 2, pp 173-175, February 2002, which is hereby
incorporated herein in its entirety to promote understanding
of the present disclosure.

Turning now to FIG. 5, the subprocess 310 for determin-
ing BVPis shown. The normalized raw data are decomposed
into 3 independent source signals using ICA based on the
Joint Approximate Diagonalization of Figenmatrices
(JADE) algorithm. Similar processes/algorithms are dis-
cussed in J: F. Cardoso, “High-order contrasts for indepen-
dent compornent analysis,” Neural Comput., vol. 11, pp.
157-192, 1999, which is hereby incorporated herein in its
entirety to promote understanding of the present disclosure.
ICA is able to separate fluctuations caused predominately by
the BVP from the observed raw signals.

Once the ICA signals are generated, the function respon-
sible for BVP must be uncovered. This algorithm will
generate three independent signals, in random order, that
must be further analyzed. This is accomplished by reviewing
the power spectrum of the signals and selecting the one with
the highest peak. Refining the analysis further includes
selecting the signal with a peak in the range where BVP is
known to exist and using the raw weight value to ensure that
a patient is indeed present in the bed. Fortunately, the
algorithm will generally result in the signal of interest being
found in the same position (i.e. the 2”4 of the 3 generated
signals).

Once the signal of interest is identified, signal is smoothed
using a five-point moving average filter and bandpass fil-
tered in the area of interest (0.7-4.0 Hz). To refine the BVP
peak fiducial point, the signal is interpolated with a cubic
spline function at a frequency of 256 Hz. From the resulting
function the Interbeat Interval (IBI) can be determined. To
further remove artifacts such as ectropoc beats or motion,
the IBI signal is filtered using the noncausal of variable
threshold (NC-VT) algorithm. A similar algorithm is
described in “J. Vila, F. Palaclos, J. Presedo, M. Fernandez-
Delgato, P. Felix, and S. Barrow, “Time frequency analysis
of heart rate variability,” IEEE Trans. Blamed. Eng vol. 16,
no. 5, pp 119-126, September/Octobter 1997, which is
incorporated herein by reference in its entirety to promote
understanding of the present disclosure. Heart Rate can then
be calculated from the mean IBI time series as 60/IBIL.

Analysis of HRV can then be performed by power spectral
density estimation using the Lomb periodogram. The low
frequency (LowF) (0.04-0.15 Hz) component is modulated
by baroflex activity and includes both sympathetic and
parasympathetic influences. Such analyses are discussed in
A S. Akselrod, D. Gordon, F. A, Ubel, D. C. Shannon, A. C.
Berger, and R. I. Cohen, “Power spectrum analysis of heart
rate fluctuation: A quantitative probe of beat-to-beat cardio-
vascular control,” Science, vol. 213, pp. 220-222, July 1981,
which is hereby incorporated herein in its entirety to pro-
mote understanding of the present disclosure. The high
frequency (HiF) (0.15-0.40 Hz) component reflects para-
sympathetic influence on the heart through efferent vagal
activity and is connected to Respiratory Sinus Arrhythmia
(RSA), a cardiorespiratory phenomenon characterized by
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6

IBI fluctuations that are in phase with inhalation and exha-
lation. The ratio of LowF/HiF is considered to mirror
sympatho/vagal balance or to reflect sympathetic modula-
tions.

Since the HiF component is connected to breathing, the
Respiratory Rate can be estimated from the HRV power
spectrum, when the frequency of respiration changes, the
center frequency of the HiF peak shifts in accordance to
ResR. Then a breathing rate 325 can calculated as 60/f,,,,-
peak.

Relative BP can be obtained from the time difference
between peak BPV at different points in the body as sug-
gested in the sub-process 410 shown in FIG. 6. PTT is a
measure of the time taken for the arterial pulse pressure
wave to travel from the aortic valve to a peripheral site.
Pulse transit time is inversely proportional to blood pressure,
as increasing vessel wall stiffness at a higher blood pressure
increases the pulse wave velocity, and hence reduces the
pulse transit time. A discussion of pulse transit time can be
found in W R. Smith, J. Argod, . Pepin, P. Levy, “Pulse
transit time: an appraisal of potential clinical application”,
Thorax, vol. 54, pp. 452-458, 1999, which is hereby incor-
porated herein in its entirety to promote understanding of the
present disclosure.

The relative BP value is a key indicator of the arousal state
of the patient and can be an indicator of stress or an
impending adverse event where hypertension is an indicator.
PTT can be used to indicate a rapid change in real-time
blood pressure which can trigger the control system 18 to
trigger an alarm or change operational characteristics of the
patient support system 10. The actual correlation of PTT to
blood pressure can be determined via a simple monotonic
relationship between the two. Inclusion of a baseline PB
reading, manually entered, taken from the EMR, or taken
from a dedicated measuring device, may be employed to
assist in this effort.

Interesting applications also exist in the combining of the
relative PB data with the previously described HR data. For
example, in addition to changes in PTT, heart rate rises
during apnea and rises further at apnea termination. These
heart rate changes, which reflect alterations in sympathetic
function, may be useful in identifying autonomic arousals.
Indication of peripheral vascular disease may also be pos-
sible, as may be cardiac complications in children and
infants.

Good correlation may be achieved using the described
patient support system 10 to determine patient characteris-
tics when compared to standard measurement devices. Spe-
cifically comparisons have resulted in a standard deviation
for HR 0f 0.83 bpm and 1.33 beats/min for ResR. Video data
frames are sampled at a rate of 15 Hz.

In an alternative embodiment, a camera 16' may be spaced
apart from a patient support apparatus 12' and the patient
support surface 14' but may still comprise part of the patient
support system 10' as shown in FIG. 7. Patient support
system 10' is substantially similar to patient support system
10 except as shown and described. In such embodiments, the
camera 16' is coupled to the controller 20' via the commu-
nication system 28'. Discussion of using a remote camera is
included in M Poh, D. McDuff, R. Picard, “Advancements
in Noncontact, Multiparameter Physiological Measurements
Using a Webcam”, IEEE Trans. Blamed. Eng., vol. 58, No.
1, pp 7-11, January 2011, which is hereby incorporated
herein in its entirety to promote understanding of the present
disclosure.

Although certain illustrative embodiments have been
described in detail above, variations and modifications exist
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within the scope and spirit of this disclosure as described and
as defined in the following claims.

The invention claimed is:

1. A patient support system comprising

a patient support apparatus embodied as a patient bed

having a touch screen display and user inputs spaced
from the touch screen display,

a camera, and

a controller coupled to the patient support apparatus and

to the camera, the controller also being coupled to the
touch screen display and to the user inputs, the con-
troller configured to receive image data from the cam-
era and to use blind signal processing image analysis to
determine at least one of pulmonary and circulatory
characteristics of a patient supported on the patient
support apparatus and to determine a pulse transit time
(PTT) of an amount of time taken for an arterial pulse
pressure wave to travel from the patient’s aortic valve
to a peripheral site, wherein the controller is also
operable to control a motion system that is operable to
reposition a patient supported on the patient bed and an
air system that is operable to inflate and deflate at least
one bladder of a mattress of the patient bed, wherein the
PTT is used to trigger a change in operational charac-
teristics of the patient support apparatus, wherein the
change in the operational characteristics includes repo-
sitioning the patient using the motion system and
changing inflation of the at least one bladder using the
air system.

2. The patient support system of claim 1, wherein the
controller is configured to determine relative blood pressure
value of a patient supported on the patient support apparatus
based on image data from the camera.

3. The patient support system of claim 2, wherein the
controller is configured to resolve color signals correspond-
ing to a patient face and to a patient extremity based on
image data from the camera, to determine blood volume
pulse information corresponding to the patient face and to
the patient extremity based on the color signal, and to
determine a relative blood pressure value based on the blood
volume pulse information corresponding to the patient face
and to the patient extremity.

4. The patient support system of claim 3, wherein resolv-
ing color signals corresponding to the patient face and to the
patient extremity includes determining which portion of the
image data contains a patient face and which portion of the
image data contains a patient extremity.

5. The patient support system of claim 4, wherein deter-
mining which portion of the image data contains a patient
face and which portion of the image data contains a patient
extremity includes detecting skin and performing gradient
analysis to detect body edges.

6. The patient support system of claim 4, wherein the
controller is configured to enhance the portions of the image
data that contain the patient face and the patient extremity.

7. The patient support system of claim 6, wherein the
controller is configured to enhance the portions of the image
data that contain the patient face and the patient extremity by
blob processing the portions of the image data to reshape the
image using convex hulls of contours and filling the area into
a closed shape.

8. The patient support system of claim 7, wherein the
controller is configured to process the closed shape.

9. The patient support system of claim 3, wherein deter-
mining blood volume pulse information corresponding to
the patient face and to the patient extremity includes trans-
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forming the color signals into three independent source
signals using independent component analysis.
10. The patient support system of claim 9, wherein the
independent component analysis is based on the joint
approximate diagonalization of eigenmatrices algorithm.
11. The patient support system of claim 9, wherein the
controller is configured to order the three independent
source signals by reviewing the power spectrum of the three
independent source signals.
12. The patient support system of claim 11, wherein
determining blood volume pulse information corresponding
to the patient face and to the patient extremity includes
selecting a signal of interest with the highest peak from the
three independent source signals by determining the power
spectrum of the three independent signals.
13. The patient support system of claim 12, wherein
controller is configured to smooth the signal of interest using
a five-point moving average filter and bandpass filter.
14. The patient support surface of claim 2, wherein
determining relative blood pressure based on the blood
volume pulse information includes comparing time differ-
ences between peak blood volume pulse information corre-
sponding to the patient face and peak blood volume pulse
information corresponding to the patient extremity.
15. The patient support surface of claim 2, wherein the
controller is configured to determine actual blood pressure
based on the relative blood pressure value.
16. The patient support system of claim 1, wherein the
camera is coupled to the patient support apparatus.
17. A method of determining a circulatory patient char-
acteristic corresponding to a patient supported on a patient
support apparatus, the method comprising
receiving image data from a camera,
determining a pulse transit time (PTT) of an amount of
time taken for an arterial pulse pressure wave to travel
from the patient’s aortic valve to a peripheral site and
determining blood volume pulse information based on
the image data using a controller of the patient support
apparatus to perform blind signal processing image
analysis, wherein the patient support apparatus is
embodied as a patient bed having a touch screen
display and user inputs spaced from the touch screen
display, the controller being coupled to the touch screen
display and to the user inputs, wherein the controller is
also operable to control a motion system that is opet-
able to reposition a patient supported on the patient bed
and an air system that is operable to inflate and deflate
at least one bladder of a mattress of the patient bed,

determining with the controller a relative blood pressure
value based on the blood volume pulse information
corresponding to a face of the patient and to an extrem-
ity of the patient, and

using the PTT to trigger a change in operational charac-

teristics of the patient support apparatus, wherein the
change in the operational characteristics includes repo-
sitioning the patient using the motion system and
changing inflation of the at least one bladder using the
air system.

18. The method of claim 17, further comprising receiving
an externally entered blood pressure value and determining
an actual blood pressure value based on the externally
entered blood pressure value and the relative blood pressure
value.

19. The method of claim 17, wherein determining relative
blood pressure based on the blood volume pulse information
includes comparing time differences between peak blood
volume pulse information corresponding to the face of the
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patient and peak blood volume pulse information corre-
sponding to the extremity of the patient.

20. The method of claim 17, further comprising deter-
mining which portion of the image data includes data
corresponding to the face of the patient and which portion of 5
the image data contains data corresponding to the extremity
of the patient.

10
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