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(57) ABSTRACT

A method and apparatus for providing a computing environ-
ment for a user which gives early warning of critical care
patient instability. The method and apparatus use the entropy
of monitored channels which are paired, each channel being
paired once with each other channel. The entropies within
each pair are compared to create an information exchange
ratio. The information exchange ratios are integrated and a
maximum of the integrated information exchange ratios is
determined. Then, an alarm condition occurs at a user deter-
mined percentage of the maximum integrated information
exchange ratio.
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METHOD AND APPARATUS FOR EARLY
WARNING OF CRITICAL CARE PATIENT
HEMODYNAMIC INSTABILITY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
application Ser. No. 13/076,784, filed Mar. 31, 2011 which
claims priority to and the benefit of U.S. Provisional Appli-
cation 61/415,915 filed Nov. 22, 2010, both of which are
herein incorporated by reference in their entirety.

FIELD OF THE INVENTION

[0002] The present disclosure is in the technical field of
data monitoring. More particularly, the present disclosure
focuses on data monitoring of critical care patient hemody-
namic stability for early warnings.

BACKGROUND OF THE INVENTION

[0003] Intensive Care Unit (ICU) patients require high-
intensity monitoring and life support. Patients are admitted to
an ICU for a variety of reasons such as respiratory compro-
mise, hemodynamic compromise, myocardial ischemia or
infarction, neurological compromise, gastrointestinal issues,
renal issues, metabolic issues, postoperative care, and the
like.

BRIEF SUMMARY OF THE INVENTION

[0004] Thepresentdisclosure discusses amethod for evalu-
ating the monitored parameters, also known as channels, of an
ICU patient. The monitored parameters generate data which
can be compared and evaluated. Examples of monitored
parameters include blood pressure, body temperature, blood
sugar, and the like.

[0005] In the method, data from two parameters is paired
and compared. Data from each parameter is paired and com-
pared with each other parameter one time. For example, two
parameters would enable one pair, three parameters would
enable three pairs, four parameters would enable six pairs,
and 40 parameters would enable 780 pairs. There is no theo-
retical limit to the number of parameters or corresponding
pairs.

[0006] When pairing and comparing parameters, each
parameter has a 0-100% range which is user determined. For
example, body temperature may have a linear range of
0-100% which corresponds to 90-110 degrees Fahrenheit. In
some cases, a parameter may have a linear range of 0-100%
which corresponds to a non-linear parameter which has a
logarithmic relationship, exponential relationship, or the like.
[0007] Each pair is monitored for the inter-relationship
between the two parameters over time.

[0008] The information exchanged between any pair of
channels can be measured by measuring the individual chan-
nel entropies and the joint entropy between the pair.

[0009] H(X)—entropy of channel X=X -p(X)In(p(x)),
where x is a random variable, in this case corresponding to the
measured signal for a particular channel.

[0010] H(Y)—entropy of channel Y= -p(y)ln(p(y)),
wherey is a random variable, in this case corresponding to the
measured signal for another channel.

[0011] H(X,Y)—Joint entropy=2 2 -p(x.y)ln(p(x,y))
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[0012] Here p(x) refers to the probability of channel X=x,
and so on; while p(x,y) refers to the joint probability of
channels X=x, Y=y.

[0013] I(X;Y) is the mutual information between channel
X and channel Y given by I(X; Y)=H(X)+H(Y)-H(X,Y)
[0014] A standardized version of I(X;Y), termed Informa-
tion Exchange Ratio (IER) is given by I(X; Y)/H(X,Y)
[0015] Individual channel entropy H(X) or H(Y) is mea-
sured by subdividing the entire range (0-100%) into 3, 5, or 7
discrete bins as shown in FIG. 1. For 30 data points or less, 3
bins are used. Between 30 and 100 data points, 5 bins are used
and more than 100 data points results in 7 bins. The probabil-
ity of occurrence within each bin is calculated by dividing the
number of instances of x (or y)in a bin by the total number of
data points recorded for X (orY) using the equation in para-
graph [0009] (or paragraph [0010]).

[0016] Joint channel entropy H(X,Y) is measured by cal-
culating the probability of co-occurrence of (x,y) pairs by
dividing the number of co-occurrences of (x,y) within each
cell (see FIG. 1) by the total number of instances of (x,y) pairs
using the equation in paragraph [0011].

[0017] The IER calculated for each pair of channels is very
sensitive to the presence (or absence) of correlation between
the pair (see FIG. 8).

[0018] IER isastandardized measure which ranges in value
from 0 to 1. Value closer to zero indicating no correlation and
value closer to 1 indicating strong correlation.

[0019] IER is non-parametric, (it does not require preset
critical values), scale invariant (values always range between
[0,1]), allows comparing any pairs of channels for a correla-
tion and works with series or non-series data.

[0020] By summing the IER for every pair of available
channels, it is possible to establish the degree of coherence or
health of the overall system.

[0021] By measuring this information exchange ratio
between every possible pair of channels, summing the total
information exchange ratio and tracking the level of this
summation allows us to distinguish between a true alarm
(system failure) and a false alarm. Systemic failure generally
occurs when the summation (of TER) is less than 70% of its
value measured at an earlier time. By intelligently selecting
the sample size window for computations, we can also detect
and provide early warnings for potential system failures.
[0022] The scope of the invention is defined by the claims,
which are incorporated into this section by reference. A more
complete understanding of embodiments on the present dis-
closure will be afforded to those skilled in the art, as well as
the realization of additional advantages thereof, by consider-
ation of the following detailed description of one or more
embodiments. Reference will be made to the appended sheets
of drawings that will first be described briefly.

[0023] The following detailed description of the invention
is merely exemplary in nature and is not intended to limit the
invention or the application and uses of the invention. Fur-
thermore, there is no intention to be bound by any theory
presented in the preceding background of the invention or the
following detailed description of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 shows a scatter plot with data used in a
sample computation.

[0025] FIG. 2 shows the change of two parameters or chan-
nels over time.
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[0026] FIG.3 shows arelationship between two parameters
or channels over time.

[0027] FIG. 4 shows a second change of two parameters or
channels over time.

[0028] FIG. 5 shows a second relationship between two
parameters or channels over time.

[0029] FIG. 6 shows a third change of two parameters or
channels over time.

[0030] FIG. 7 shows a third relationship between two
parameters or channels over time.

[0031] FIG. 8 shows a relationship between two parameters
or channels over four consecutive time frames.

[0032] FIG. 9 is a block diagram of a typical computing
environment used for implementing embodiments of the
present disclosure.

DETAILED DESCRIPTION OF THE INVENTION

[0033] In an Intensive Care Unit (ICU), patients are con-
stantly monitored via devices which sample vital data (heart
rate, systolic pressure, CO2 concentration, keratinin levels,
temperature, etc.) at a certain frequency. The ICU is, by
definition, a “multi-disciplinary environment”. A major mar-
ket segment in patient health monitors relates to this multi-
parameter patient monitoring (MPM) technology. MPM
includes devices which are used to monitor more than one
patient parameter. These monitors track multiple parameters
such as temperature, blood pressure, oxygen, respiration, or
the like and are used in ICU’s, during surgery and any emetr-
gency care. MPM is becoming a part of integrated healthcare
information systems as this provides prospects of reducing
healthcare costs and enhancing patient safety. Each indi-
vidual channel is typically set to indicate an unsafe condition
when the monitored signal exceeds pre-defined levels. This
logic however can lead to multiple false alarms because a
single channel can cross its preset levels for a variety of
physiologic and non-physiologic reasons. Furthermore, the
human body is a highly “coupled” system, which means that
issuing alarms based on considering channels independently
of one another is not always a good indicator of a real crisis.
Thus a major challenge that arises with MPM is to distinguish
atrue alarm from a false one.

[0034] Being able to measure the “overall stability” of the
patient—i.e. taking into account the multi-disciplinary char-
acter of the data available in an ICU—would be of great value
to critical care medicine. Such a measurement would not only
quantify the effects of medications and/or the magnitude and
severity of crises, it would also help to establish early-warn-
ing signals, indicating the onset of a new crisis.

[0035] Current best practices include tracking trends in
multiple channels and using this to provide early warnings.
This requires calculating median values of signals and com-
paring them to historic trend predictors. However this ignores
the fact that there is significant information exchange
between the various sub-systems which are being monitored
and a loss of information between the sub-systems can lead to
overall systemic failure. Furthermore, standard statistical
measures of information exchange, such as correlation coef-
ficients fail to work in situations where the data is highly
non-linear and non-stationary.

[0036] The approach presented here includes measuring
the information exchanged between all pairs of monitored
channels and using this as an indicator of the relative health of
the system (in this case the patient). The concept of informa-
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tion entropy, introduced by Claude Shannon in 1949 serves as
the conceptual and theoretical basis for this invention.
[0037] FIG. 1 shows a scatter plot with data used in a
sample computation. The computation starts by selecting a
pair of parameters, and creating a scatter plot between the
pair.

[0038] For a dataset with p parameters, the total number of
available pairings that will be plotted is given by p*(p-1)/2.
[0039] Based onthe ranges of the parameters selected, each
axis will be divided into an odd number of bins or categories.
Bins for the horizontal (X) axis are vertical and vice versa. An
odd numbered division allows the determination of a central
range of values. Typically, for small sample sizes (n<30), 3
bins are made. For a high density dataset (with no missing
values) and more than 100 samples, 7 bins are made. For
datasets in between, 5 bins are the best choice.

[0040] After dividing the X and Y axis into 5 bins each, we
are left with 25 cells. The following process steps will be
repeated for all pairs of parameters.

[0041] Process Step 1—computing Shannon entropy for X
andY variables:
[0042] Substep 1: Count the number of data points within

each bin for X axis. Let the number of points ineach binben,.
[0043] Substep 2: Compute the probability of finding a
sample within this bin as n,/N, where N is the total number of
points in the scatter plot.

[0044] Substep 3: Compute the natural logarithm: In(n,/N)
for each bin.
[0045] Substep 4: Compute the Shannon entropy for the X

variable by summing the natural logs calculated above for the
5 bins.

[0046] Substep 5: Shannon entropy for variable X, H(X)
=-2 In(n,/N).

[0047] Substep 6: Repeat process substeps 1 through 4 for
the Y variable to obtain H(Y)

[0048] Process Step 2—computing Joint Entropy:

[0049] Substep 1: Count the number of data points within
each cell. For a 5 bin discretization, there will be 25 cells. Let
the number of points within a cell be given by n._.

[0050] Substep 2: Compute the probability of finding a
sample within a cell as n/N.

[0051] Substep 3: Compute the natural logarithm: In(n_/N)
for each cell.
[0052] Substep 4: Compute the Joint entropy for X andY by

summing the natural logs calculated above for all 25 cells.
[0053] Substep 5: Joint entropy for variables X and Y, H(X,
Y)=-Z In(n/N)

[0054] Process Step 3—computing Mutual Information,
IX,Y):
[0055] Substep 1: Compute Mutual Information, 1(X;

Y)=HX)+H(Y)-HX,Y).

[0056] Substep 2: Compute the Information Exchange
Ratio (IER), IER=I(X; Y)/HX.Y).

[0057] Repeat these process steps p*(p-1)/2 times to cover
all pairs of variables. Add the total [ER computed to provide
an integrated IER.

[0058] The following figures illustrate the concept and how
it is incorporated in a device that is capable of integrating
multiple data streams to provide early warnings or alerts.
[0059] FIG. 2 shows the change of two parameters or chan-
nels over time. A first channel 201 and second channel 202 are
monitored over time. The first channel 201 corresponds to the
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left y-axis 203 and the second channel 202 corresponds to the
right y-axis 204. The x-axis 205 measures time in 10 second
increments.

[0060] FIG.3 shows arelationship between two parameters
or channels over time. FIG. 2 and FIG. 3 use the same raw
data. The relationship is shown as a scatter chart. The y-axis
301 corresponds to left y-axis 203. The x-axis 302 corre-
sponds to right y-axis 204. There seems to be a very weak or
non-existent relationship between the two channels. This
knowledge can be effectively captured using I(X;Y) which in
this case is 0.16. However, it is convenient to express this as a
fraction of the joint information entropy, by dividing the I(X;
Y) by H(X,Y). The value in this case is 6%, we shall call this
the information exchange ratio.

[0061] FIG. 4 shows a second change of two parameters or
channels over time. A first channel 201 and second channel
202 are monitored over time and are the same channels being
monitored in FIG. 2. The first channel 201 corresponds to the
left y-axis 401 and the second channel 202 corresponds to the
right y-axis 402. The x-axis 403 measures time in 10 second
increments. The two parameters suddenly exhibit a distinct
pattern of inter-relationship. As one channel increases in
value, so does the other—at least toward the end of the moni-
tored time window.

[0062] FIG. 5 shows a second relationship between two
parameters or channels over time. FIG. 4 and FIG. 5 use the
same raw data. The relationship is shown as a scatter chart.
The y-axis 501 corresponds to left y-axis 401. The x-axis 502
corresponds to right y-axis 402. The corresponding informa-
tion exchange is now 0.82 and the information exchange ratio
is 68%.

[0063] FIG. 6 shows a third change of two parameters or
channels over time. A first channel 201 and second channel
202 are monitored over time and are the same channels being
monitored in FIG. 2. The first channel 201 corresponds to the
left y-axis 601 and the second channel 202 corresponds to the
right y-axis 602. The x-axis 603 measures time in 10 second
increments. We see that the trend between the two channels
which was quite evident in FIG. 4 and FIG. 5 is now slowly
“dissolving” and the corresponding information exchange
ratio is 0.28—only slightly higher than in FIG. 2 and FIG. 3.

[0064] FIG. 7 shows a third relationship between two
parameters or channels over time. FIG. 6 and FIG. 7 use the
same raw data. The relationship is shown as a scatter chart.
The y-axis 701 corresponds to left y-axis 601. The x-axis 702
corresponds to right y-axis 602. The information exchange
ratio is 11%, which is significantly lower than FIG. 4 and FIG.
5, and marginally higher than FIG. 2 and FIG. 3.

[0065] FIG. 8 shows a relationship between two parameters
or channels over four consecutive time frames. This image
shows the sequence of channel dynamics: in the first window
801 (orstep 1), thetwo channels are more or less random with
respect to each other. This however changes at the end of
second window 802 (step 2) where they appear to increase in
tandem or being correlated to each other. The correlation
weakens significantly in the third window 803 window 3 (step
3) and finally reverts back to randomness in the fourth win-
dow 804.

[0066] The algorithm monitors this type of conjoint behav-
ior between all possible pairs of channels (for example a
typical ICU with 40 channels would have 780 combinations
to be monitored dynamically). The information exchange
ratio when integrated across all combinations of channels
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shows a strong correlation with the overall structural stability
of the system., in particular the hemodynamic instability of the
patient in an ICU.

[0067] Inourstudies with animal and human data, we have
identified that any significant reduction in the information
exchange ratio, once it attains a high nominal value, is
strongly correlated with hemodynamic instability. In particu-
lar, when this ratio drops more than 30% from a previously
attained peak value, it signals a hemodynamic instability.

[0068] Ourdevice performs the following major tasks auto-
matically:
[0069] After an initialization period, it integrates all the

information exchanged between channel pairs at periodic
monitoring intervals: 1) The frequency of computation can be
adjusted by the user based on patient condition. For patients
with higher criticality, this interval can be made equal to the
most frequent data collection period of any of the available
channels; 2) If the user does not select a monitoring interval,
the device automatically sets the interval to the one which
gives the least amount of period to period information
exchange ratio fluctuation during the initialization phase.
[0070] If the information exchange ratio monotonically
decreases by more than 30% from a previous peak value, the
device signals an instability alert.

[0071] FIG. 9 is a block diagram of a typical computing
environment used for implementing embodiments of the
present disclosure. FIG. 9 and the following discussion are
intended to provide a brief, general description of a suitable
computing environment in which certain embodiments of the
present disclosure may be implemented.

[0072] FIG. 9 shows a computing environment 900, which
can include but is not limited to, a housing 901, processing
unit 902, volatile memory 903, non-volatile memory 904, a
bus 905, removable storage 906, non-removable storage 907,
a network interface 908, ports 909, a user input device 910,
and a user output device 911.

[0073] Various embodiments of the present subject matter
can be implemented in software, which may be run in any
suitable computing environment. The embodiments of the
present subject matter are operable in a number of general-
purpose or special-purpose computing environments. Some
computing environments include personal computers, server
computers, hand-held devices (including, but not limited to,
telephones and personal digital assistants (PDAs) of all
types), laptop devices, multi-processors, microprocessors,
set-top boxes, programmable consumer electronics, network
computers, minicomputers, mainframe computers, distrib-
uted computing environments, analyzers designed to read
multiple inputs from a critical care patient, and the like to
execute code stored on a computer readable medium. The
embodiments of the present subject matter may be imple-
mented in part or in whole as machine-executable instruc-
tions, such as program modules that are executed by a com-
puter. Generally, program modules include routines,
programs, objects, components, data structures, and the like
to perform particular tasks or to implement particular abstract
data types. In a distributed computing environment, program
modules may be located in local or remote storage devices.
[0074] A general computing device, in the form of a com-
puter, may include a processor, memory, removable storage,
non-removable storage, bus, and a network interface.

[0075] A computer may include or have access to a com-
puting environment that includes one or more user input
modules, one or more user output modules, and one or more
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communication connections such as a network interface card
or a USB connection. The one or more output devices can be
adisplay device ofa computer, computer monitor, TV screen,
plasma display, LCD display, display on a digitizer, display
on an electronic tablet, and the like. The computer may opet-
ate in a networked environment using the communication
connection to connect one or more remote computers. A
remote computer may include a personal computer, server,
router, network PC, a peer device or other network node,
and/or the like. The communication connection may include
aLocal Area Network (LAN), a Wide Area Network (WAN),
and/or other networks.

[0076] Memory may include volatile memory and non-
volatile memory. A variety of computer-readable media may
be stored in and accessed from the memory elements of a
computer, such as volatile memory and non-volatile memory,
removable storage and non-removable storage. Computer
memory elements can include any suitable memory device(s)
for storing data and machine-readable instructions, such as
read only memory (ROM), random access memory (RAM),
erasable programmable read only memory (EPROM), elec-
trically erasable programmable read only memory (EE-
PROM), hard drive, removable media drive for handling com-
pact disks (CDs), digital video disks (DVDs), diskettes,
magnetic tape cartridges, memory cards, memory sticks, and
the like. Memory elements may also include chemical stot-
age, biological storage, and other types of data storage.
[0077] “Processor” or “processing unit” as used herein,
means any type of computational circuit, such as, but not
limited to, a microprocessor, a microcontroller, a complex
instruction set computing (CISC) microprocessor, a reduced
instruction set computing (RISC) microprocessor, a very long
instruction word (VLIW) microprocessor, an explicitly par-
allel instruction computing (EPIC) microprocessor, a graph-
ics processor, a digital signal processor, or any other type of
processor or processing circuit. The term also includes
embedded controllers, such as generic or programmable logic
devices or arrays, application specific integrated circuits,
single-chip computers, smart cards, and the like.

[0078] Embodiments of the present subject matter may be
implemented in conjunction with program modules, includ-
ing functions, procedures, data structures, application pro-
grams, etc. for performing tasks, or defining abstract data
types or low-level hardware contexts.

[0079] While the present invention has been described with
reference to exemplary embodiments, it will be readily appar-
ent to those skilled in the art that the invention is not limited
to the disclosed or illustrated embodiments but, on the con-
trary, is intended to cover numerous other modifications, sub-
stitutions, variations and broad equivalent arrangements that
are included within the spirit and scope of the following
claims.

I claim:

1. A method of providing a computing environment for a
user which gives early warning of critical care patient insta-
bility, comprising:

measuring a plurality of critical care patient channels with

channel ranges via the computing environment periodi-
cally to determine a channel entropy corresponding to
each channel, wherein the channel entropy of a channel
equals HX)=Z_-p(X)In(p(x)) and

X corresponds to a measured channel signal,

x equals a value within the channel range, and

p(x) is the probability of X=x;
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comparing each channel entropy to each other channel
entropy to create corresponding joint entropies, wherein
each joint entropy equals H(X,Y)=2.2 -p(x,y)ln(p(x,
y)) and
X andY each correspond to different measured channel
signals,
x and y equal values within their respective channel
ranges, and
p(x,y) is the joint probability of X=x and Y=y,
assessing the two entropies within each channel pair to
determine an information exchange ratio for each chan-
nel pair, wherein the information exchange ratio equals
IX; Y)YHX,Y) and
I(X; Y)=HEX)+H(Y)-HX,Y);

integrating the information exchange ratios of all channel

pairs;

measuring the integrated information exchange ratios of

the channel pairs over time to determine a maximum
value which corresponds to maximum critical care
patient stability; and

creating an alarm condition so that the computing environ-

ment notifies the user of critical care patient instability
when the value of the integrated information exchange
ratios of the channel pairs falls below a user determined
percentage of the maximum value of the integrated
information exchange ratios of the channel pairs.

2. The method of claim 1, wherein the user determined
percentage is 70%.

3. The method of claim 1, wherein the periodic measure-
ment of the plurality of critical care patient channels occurs
with a frequency equal to the most frequent data collection
period available to any of the channels.

4. The method of claim 1, wherein the periodic measure-
ment of the plurality of critical care patient channels occurs
with a frequency equal to the least frequent data collection
period available to any of the channels.

5. The method of claim 1, wherein the periodic measure-
ment of the plurality of critical care patient channels occurs
with a user determined frequency.

6. The method of claim 1, further comprising assigning an
index value to the integrated information exchange ratios of
the channel pairs.

7. An apparatus that incorporates a computing environment
for a user which gives early warning of critical care patient
instability, wherein the computing environment comprises
the ability to:

measure a plurality of critical care patient channels with

channel ranges via the computing environment periodi-

cally to determine a channel entropy corresponding to

each channel, wherein the channel entropy of a channel

equals HX)=Z_-p(x)In(p(x)) and

X corresponds to a measured channel signal,

x equals a value within the channel range, and

p(x) is the probability of X=x;

compare each channel entropy to each other channel

entropy to create corresponding joint entropies, wherein

each joint entropy equals H(X,Y)=2.2 -p(x,y)ln(p(x,

y)) and

X andY each correspond to different measured channel
signals,

x and y equal values within their respective channel
ranges, and

p(x,y) is the joint probability of X=x and Y=y;
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assess the two entropies within each channel pair to deter-
mine an information exchange ratio for each channel
pair, wherein the information exchange ratio equals I(X;
Y)YHX,Y) and

10X Y)=HOX)+H(Y)-HX,Y);

integrate the information exchange ratios of all channel
pairs;

measure the integrated information exchange ratios of the
channel pairs over time to determine a maximum value
which corresponds to maximum critical care patient sta-
bility; and

create an alarm condition so that the computing environ-
ment notifies the user of critical care patient instability
when the value of the integrated information exchange
ratios of the channel pairs falls below a user determined
percentage of the maximum value of the integrated
information exchange ratios of the channel pairs.
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8. The apparatus of claim 7, wherein the user determined
percentage is 70%.

9. The apparatus of claim 7, wherein the periodic measure-
ment of the plurality of critical care patient channels occurs
with a frequency equal to the most frequent data collection
period available to any of the channels.

10. The apparatus of claim 7, wherein the periodic mea-
surement of the plurality of critical care patient channels
occurs with a frequency equal to the least frequent data col-
lection period available to any of the channels.

11. The apparatus of claim 7, wherein the periodic mea-
surement of the plurality of critical care patient channels
occurs with a user determined frequency.

12. The apparatus of claim 7, further comprising assigning
an index value to the integrated information exchange ratios
of the channel pairs.
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