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PATIENT CARE RECOMMENDATION
SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

This present application claims priority to U.S. Provi-
sional Application Ser. No. 61/371,614, filed on Aug. 6,
2010, and is related to U.S. application Ser. No. 13/204,520,
filed Aug. 5, 2011 and U.S. application Ser. No. 13/204,460,
filed on Aug. 5, 2011.

This invention was made with government support under
Contract No. W81XWH-07-C-0059 awarded by the U.S.
Army Institute of Surgical Research, Fort Sam, Houston.
The U.S. Government has certain rights in the invention.

FIELD OF THE DISCLOSURE

Various embodiments of the disclosure pertain to a system
and method to provide a care recommendation for a patient,
and more particularly to a system and method for quickly
and accurately providing a life saving intervention (LSI)
recommendation for a patient in a critical condition.

BACKGROUND

Triage and diagnosis of patients can be problematic due to
a lack of knowledge about the condition or status of the
patient. Current physiological monitoring is confined to
limited sets of conventional non-invasive measurements of
physiological signs of the patient throughout the pre-hospital
care phase such as, for example, heart rate, blood pressure,
respiratory rate, and oxygen saturation. Due to this limited
information, treatment options are not based on empirical
data, but rather typically rely on the experience of the patient
care provider and the limited measurements of physiological
signs available from the patients. Consequently, critical
decisions may be made based on incomplete knowledge of
the patient condition.

Furthermore, when dealing with multiple patients in a
pre-hospital or hospital situation, the lack of accurate data
becomes problematic when decisions on patient care priori-
tization and treatment options must be made for several
patients in a short time frame. Thus, many patient care
decisions may be incorrect and/or delayed.

Patient care decisions are further complicated by human
compensatory mechanisms that result in adequate blood
flow to the patient’s core and head that can mask the patients
true condition, as the conventional physiological signs that
are used to determine the status of the patient do not take into
account, and may even disregard, those compensatory
mechanisms.

Accordingly, it is desirable to provide an improved system
and method for making patient care decisions.

SUMMARY

Various embodiments of the present disclosure are
directed to systems and methods to provide a patient care
recommendation. The systems and methods provide tech-
niques to receive patient information, receive a plurality of
patient physiological signals that are related to a patient,
produce at least one derived patient signal from at least one
of the plurality of patient physiological signals, and provide
at least one patient care recommendation using the patient
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information, at least one of the plurality of patient physi-
ological signals, and the at least one derived patient signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view illustrating an embodiment of
a patient care recommendation system.

FIG. 2 is a schematic view illustrating an embodiment of
an information handling system used with the patient care
recommendation system.

FIG. 3 is a schematic view illustrating an embodiment of
a patient monitoring system used in the patient care recom-
mendation system.

FIG. 4 is a perspective view illustrating an embodiment of
the patient monitoring system of FIG. 3 coupled to a patient.

FIG. 5 is a perspective view illustrating an embodiment of
the patient monitoring system of FIG. 3 including a local
patient monitoring system communicating with a remote
patient monitoring system.

FIG. 6a is a flow chart illustrating an embodiment of a
method for providing a patient care recommendation.

FIG. 64 is a schematic view illustrating an embodiment of
the provision of a patient care recommendation.

FIG. 6c¢ is a front view illustrating an embodiment of a
patient care recommendation displayed on a patient moni-
toring system.

FIG. 7 is a flow chart illustrating an embodiment of a
method for providing a patient health indicator/derived
patient signal.

DETAILED DESCRIPTION

Referring now to FIG. 1, in one embodiment, a patient
care recommendation system 100 is illustrated. The patient
care recommendation system 100 includes a network 102
such as, for example, a Transport Control Protocol/Internet
Protocol (TCP/IP) network (e.g.. the Internet or an intranet).
A local patient monitoring system 104 is operably coupled
to the network 102. In an embodiment, a remote patient
monitoring system 106 may also be operably coupled to the
network 102. However, in other embodiments, the remote
patient monitoring system 106 may be omitted from the
system 100. A patient 108 is coupled to the local patient
monitoring system 104. A database 110 may also be coupled
to the local patient monitoring system 104 and/or the remote
patient monitoring system 106 through the network 102. In
an unillustrated embodiment, the database 110 may be
included with the local patient monitoring system 104 and/or
the remote patient monitoring system 106.

The local patient monitoring system 104 and, in some
embodiments, the remote patient monitoring system 106,
include a respective network interface for communicating
with the network 102 (e.g., outputting information to, and
receiving information from, the network 102), such as by
transferring information (e.g., instructions, data, signals)
between such systems and the network 102. Accordingly,
through the network 102, the local patient monitoring sys-
tem 104 may communicate with the remote patient moni-
toring system 106, and the remote patient monitoring system
106 may communicate with the local patient monitoring
system 104.

For clarity, FIG. 1 depicts only one local patient moni-
toring system 104. However, one of skill in the art will
recognize that the patient care recommendation system 100
may include a plurality of local patient monitoring systems
similar to the local patient monitoring system 104 as
described below. Likewise, for clarity, FIG. 1 depicts only
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one remote patient monitoring system 106. However, the
patient care recommendation system 100 may include a
plurality of remote patient monitoring systems.

Each of the local patient monitoring system 104 and the
remote patient monitoring system 106 includes a respective
information handling system (IHS), a subsystem, or a part of
a subsystem for executing processes and performing opera-
tions (e.g.. processing or communicating information) in
response thereto, as discussed further below. Each such THS
is formed by various electronic circuitry components. More-
over, as illustrated in FIG. 1, all such THSs may be coupled
to each other through the network 102. Accordingly, the
local patient monitoring system 104 and the remote patient
monitoring system 106 may operate within the network 102.

An THS is an electronic device capable of processing,
executing or otherwise handling information. Examples of
an [HS include a server computer, a personal computer (e.g.,
a desktop computer or a portable computer such as, for
example, a laptop computer), a handheld computer, a wear-
able computer (as discussed in further detail below), and/or
a variety of other computers known in the art.

Referring now to FIG. 2, an THS 200 which is represen-
tative of one of the IHSs described above, is illustrated. The
THS 200 may include any or all of the following: (a) a
processor 202 for executing and otherwise processing
instructions, (b) a plurality of input devices 204, which are
operably coupled to the processor 202, for inputting infor-
mation, (c) a display device 206 (e.g., a conventional
electronic cathode ray tube (CRT) device or a conventional
liquid crystal display (LCD)), which is operably coupled to
the processor 202, for displaying information, (d) a print
device 208 (e.g. a conventional electronic printer or plotter),
which is operably coupled to the processor 202, for printing
visual images (e.g., textual or graphic information on paper),
scanning visual images, and/or faxing visual images, (¢) a
location determination device 210 (e.g., a Global Position-
ing System (GPS) device, a cell tower triangulation device,
etc.) for determining a location of the IHS 200, (f) a
computer-readable medium 212, which is operably coupled
to the processor 202, for storing information, as discussed
further below, (f) various other electronic circuitry for
performing other operations of the IHS 202 known in the art,
and/or a variety of other THS components known in the art.

For example, the IHS 200 may include (a) a network
interface (e.g., circuitry) for communicating between the
processor 202 and the network 102 and (b) a memory device
(e.g., arandom access memory (RAM) device or a read-only
memory (ROM) device for storing information (e.g,
instructions executed by processor 114 and data operated
upon by processor 202 in response to such instructions)).
Accordingly the processor 202 is operably coupled to the
network 102, the input devices 204, the display device 206,
the print device 208, the location determination device 210,
and the computer-readable medium 212, as illustrated in
FIG. 2.

For example, in response to signals from the processor
202, the display device 206 displays visual images. Infor-
mation may be input to the processor 202 from the input
devices 204 (discussed in further detail below), and the
processor 202 may receive such information from the input
devices 204. Also, in response to signals from the processor
202, the print device 208 may print visual images on paper,
scan visual images, and/or fax visual images.

The input devices 204 include a variety of input devices
known in the art such as, for example, a conventional
electronic keyboard and a pointing device such as, for
example, a conventional electronic mouse, trackball, or light
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pen. The keyboard may be operated to input alphanumeric
text information to the processor 202, and the processor 202
may receive such alphanumeric text information from the
keyboard. The pointing device may be operated to input
cursor-control information to the processor 202, and the
processor 202 may receive such cursor-control information
from the pointing device. The input devices 204 may also
include a variety of physiological signal monitoring devices,
as described in further detail below.

The computer-readable medium 212 and the processor
202 are structurally and functionally interrelated with one
another as described below in further detail. Each IHS of the
illustrative embodiment is structurally and functionally
interrelated with a respective computer-readable medium,
similar to the manner in which the processor 202 is struc-
turally and functionally interrelated with the computer-
readable medium 212. In that regard, the computer-readable
medium 212 is a representative one of such computer-
readable media including, for example, but not limited to,
memory, a hard disk drive, a solid state memory device,
and/or a variety of other computer-readable media known in
the art.

The computer-readable medium 212 stores (e.g., encodes,
records, or embodies) functional descriptive material (e.g.,
including but not limited to software (also referred to as
computer programs or applications) or data structures). Such
functional descriptive material imparts functionality when
encoded on the computer-readable medium 212. Also, such
functional descriptive material is structurally and function-
ally interrelated to the computer-readable medium 212.

With such functional descriptive material, data structures
define structural and functional interrelationships between
such data structures and the computer-readable medium 212
(and other aspects of the patient care recommendation
system 100). Such interrelationships permit the data struc-
tures’ functionality to be realized. Also, within such func-
tional descriptive material, computer programs define struc-
tural and functional interrelationships between such
computer programs and the computer-readable medium 212
(and other aspects of the patient care recommendation
system 100). Such interrelationships permit the computer
programs’ functionality to be realized.

For example, the processor 202 reads (e.g., accesses or
copies) such functional descriptive material from the com-
puter-readable medium 212 onto the memory device of the
THS 200, and the IHS 200 (more particularly, the processor
202) performs its operations, as described elsewhere herein,
in response to such material which is stored in the memory
device of the THS 200. More particularly, the processor 202
performs the operation of processing a computer application
(that is stored, encoded, recorded, or embodied on a com-
puter-readable medium) for causing the processor 202 to
perform additional operations, as described elsewhere
herein. Accordingly, such functional descriptive material
exhibits a functional interrelationship with the way in which
processor 202 executes its processes and performs its opera-
tions.

Further, the computer-readable medium 212 is an appa-
ratus from which the computer application 1s accessible by
the processor 202 for instructing the processor 202 to
perform such additional operations. In addition to reading
such functional descriptive material from the computer-
readable medium 212, the processor 202 is capable of
reading such functional descriptive material from (or
through) the network 102. Moreover, the memory device of
the THS 200 is itself a computer-readable medium (or
apparatus).
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Referring now to FIG. 3, a patient monitoring system 300,
which may be the local patient monitoring system 104
and/or the remote patient monitoring system 106, discussed
above with reference to FIG. 1, is illustrated in more detail.
The patient monitoring system 300 includes a diagnosis
engine 302 that may be provided by a processor (e.g., the
processor 202 discussed above with reference to FIG. 2) and
instructions that are stored on a computer-readable medium
that is coupled to the processor (e.g., the computer-readable
medium 212 discussed above with reference to FIG. 2). A
waveform analysis engine 304 is coupled to the diagnosis
engine 302 and may be provided by a processor (e.g., the
processor 202 discussed above with reference to FIG. 2) and
instructions that are stored on a computer-readable medium
that is coupled to the processor (e.g., the computer-readable
medium 212 discussed above with reference to FIG. 2). A
display 306, which may be the display 206 discussed above
with reference to FIG. 2, is coupled to the diagnosis engine
302. At least one patient physiological signal input 308 is
included on the patient monitoring system 300 and coupled
to the diagnosis engine 302 and the waveform analysis
engine 302. At least one patient information input 310 is
included on the patient monitoring system 300 and coupled
to the diagnosis engine 302. At least network input/output
311 is included on the patient monitoring system 300 and
coupled to the diagnosis engine 302.

Referring now to FIGS. 1 and 3, the patient care recom-
mendation system 100 may include a number of different
embodiments for providing patient care recommendations
for the patient 108. For example, in one embodiment, the
local patient monitoring system 104 of FIG. 1 may be the
patient monitoring system 300 of FIG. 3, and patient physi-
ological signals 312 from the patient 108 may be used, at
least in part, to provide the patient care recommendation
(e.g., on the display 306), as described in further detail
below. In another embodiment, the remote patient monitor-
ing system 106 of FIG. 1 may be the patient monitoring
system 300 of FIG. 3, and patient physiological signals 312
from the patient 108 may be sent by the local patient
monitoring system 104 over the network 102 to the remote
patient monitoring system 106. The remote patient moni-
toring system 106 may then use the patient physiological
signals 312, at least in part, to provide the patient care
recommendation (e.g., on the display 306, by sending that
patient care recommendation over the network 102 to an
THS or other communications device, etc.), as described in
further detail below. While a few embodiments of the patient
care recommendation system 100 are illustrated and
described, one of skill in the art will recognize that a variety
of modifications to the patient care recommendation system
100 as described below will fall within the scope of the
present disclosure.

As discussed above, the waveform engine 304 may be
provided by a processor and instructions that are stored on
a computer-readable medium that is coupled to the proces-
sor. In one embodiment, the waveform analysis engine 304
is coupled to the at least one patient physiological signal
input 308 and operable to retrieve and/or receive at least one
patient physiological signal 312 from at least one physi-
ological signal monitoring device that is coupled to the
patient monitoring system 300 through the at least one
patient physiological signal input 308 (e.g., a device coupled
directly to the input 308, a device coupled to the input 308
over the network 102, etc.). For example, the waveform
analysis engine 304 may be operable to retrieve and/or
receive patient heart signals (e.g., heart rate signals) from a
heart monitoring device that is coupled to the at least one
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patient physiological signal input 308, patient respiratory
signals (e.g., respiration rate signals) from a respiratory
monitoring device that is coupled to the at least one patient
physiological signal input 308, patient blood pressure sig-
nals from a blood pressure monitoring device that is coupled
to the at least one patient physiological signal input 308,
patient electrocardiogram (EKG) signals from an EKG
device that is coupled to the at least one patient physiologi-
cal signal input 308, patient pulse oximetry signals from a
finger sensor or other pulse oximetry device that is coupled
to the at least one patient physiological signal input 308,
and/or a variety of other patient physiological signals from
a variety of physiological signal monitoring devices known
in the art. One of skill in the art will recognize the patient
physiological signals 312 discussed above (e.g., patient
heart signals, patient respiratory signals, patient blood pres-
sure signals, patient EKG signals, patient pulse oximetry
signals, etc.) as conventional patient vital signs and physi-
ological waveforms known in the art, and that plurality of
other patient physiological signals may be collected such as
End Tidal CO, (ETCO2) concentration, oxygen saturation,
and/or a variety of other patient physiological signals known
in the art. In an embodiment, the patient physiological
signal(s) 312 may be retrieved and/or received by the
waveform analysis engine 304 continuously and/or in real-
time as long as the appropriate physiological signal moni-
toring devices are operating and attached to the patient 108.
The waveform analysis engine 304 is operable to use
those patient physiological signals 312 to produce a plurality
of derived patient signals 314. In an embodiment, the
derived patient signals 314 may be produced in real-time
(e.g., as the real-time physiological signals from the patient
are provided to the waveform analysis engine 304). As
described below, the derived patient signals 314 may be
produced without hands-on contact with the patient (e.g., the
derived patient signals 314 may be produced using patient
physiological signals generated at a first location and trans-
mitted to a second location that is different from the first
location). In an embodiment, the waveform analysis engine
304 may be operable to produce the plurality of derived
patient signals 314 by performing linear and/or nonlinear
statistical methods such as, for example, nonlinear-dynam-
ics-based statistical analysis of variability and/or complexity
in a time series of a patient physiological signals 312 (e.g.,
the variability and/or complexity of the patient’s heart rate
signals). For example, such nonlinear statistical methods
may include performing a fast Fourier transform on a time
series of a patient physiological signal or signals, perform-
ing complex demodulation on a time series of a patient
physiological signal or signals, determining approximate
entropy and/or sample entropy on a time series of a patient
physiological signal or signals, determining the similarity of
distributions on a time series of a patient physiological
signal or signals, performing detrended fluctuations analysis
on a time series of a patient physiological signal or signals,
performing fractal analysis on a time series of a patient
physiological signal or signals, and/or conducting a variety
of other nonlinear-dynamics-based statistical analysis
known in the art on a time series of a patient physiological
signal or signals. In an embodiment, the waveform analysis
engine 304 may include or be coupled to systems that
enhance signal quality, signal transmission, signal noise
filtering, and/or a variety of other signal properties known in
the art in order to allow for the linear and nonlinear
statistical methods to be performed on the physiological
signals and/or to increase the accuracy of those methods.
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In one embodiment, the waveform analysis engine 304 is
coupled to a EKG device that is coupled to the local patient
monitoring system 300 through the at least one patient
physiological signal input 308. With the EKG device
coupled to a patient (e.g., the patient 108 discussed above
with reference to FIG. 1), patient EKG signals are provided
through the at least one patient physiological signal input
308 to the waveform analysis engine 304. The waveform
analysis engine 304 may then use the patient EKG signals to
determine a variety of derived patient signals. For example,
time domain derived patient signals may be determined such
as RRI, the mean R-to-R interval lengths in milliseconds,
and RMSSD, the square root of the mean squared differ-
ences of successive normal-to-normal (NN) R-to-R intervals
and pNN50 defined as the number of successive NN inter-
vals that differ by more than 50 ms divided by the total
number of NN intervals (pNN50). In another example,
frequency domain derived patient signals may be deter-
mined that include those derived by fast-Fourier transform:
the total power of periodic oscillations in the EKG (TP,
calculated over 0.003-0.4 Hz), low frequency power (LF,
0.04-0.15 Hz), high-frequency power (HF, 0.15-0.4 Hz)
LF/HF and HF/LF ratios of the signal, values of the signal
normalized to TP (LFnu, HFnu, LFnu/HFnu, HFnw/LFnu).
In another example, complex demodulation (CDM) derived
patient signals may be created using CDM analysis that
investigates the low frequency (CDM LF) and high fre-
quency (CDM HF) amplitudes of regular oscillations in the
EKG. In another example, heart rate complexity derived
patient signals may be determined such as derived signals
that measure the irregularity of the signal (e.g., the approxi-
mate entropy ApEn and/or sample entropy SampEn of the
signal), the fractal dimension of the signal (e.g., using
Fractal Dimension by Dispersion Analysis [FDDA] or using
Curve Lengths [FDCL]), the autocorrelation of the RRI
signal distribution (e.g., using Similarity of Distribution
[SODY)), short-term (e.g., 8-10 heartbeats) correlations in the
signal by Detrended Fluctuation Analysis (DFA), signal
Stationarity (StatAV), and symbolic dynamics analysis such
as percentage of forbidden word (FW) and normalized
symbol distribution entropy (DisnEn). In another example,
derived patient signals may include pulse pressure and/or
shock index. While a plurality of examples have been
provided of derived patient signals determined or created
using an EKG signal, one of skill in the art will recognize
that a variety of other derived patient signals may be
determined or created using an EKG signal and/or other
physiological signal(s) of a patient without departing from
the scope of the present disclosure.

In another embodiment, the waveform analysis engine
304 is coupled to each of a respiration monitoring device and
a heart monitoring device that are both coupled to the patient
monitoring system 300 through the at least one patient
physiological signal input 308. With the respiration moni-
toring device and the heart monitoring device coupled to a
patient (e.g., the patient 108 discussed above with reference
to FIG. 1), patient respiratory signals (e.g., respiratory rate
signals) and patient heart signals (e.g., heart rate signals) of
the patient are provided through the at least one patient
physiological signal input 308 to the waveform analysis
engine 304. The waveform analysis engine 304 may then use
the patient respiratory signals and patient heart signals to
determine various respiratory sinus arrhythmia (RSA) sig-
nals or related signals (i.e., derived patient signals) for the
patient. For example, as discussed in further detail below,
the waveform analysis engine 304 may calculate the RSA
signals as the ratio of an interbeat interval during inspiration
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to the interbeat interval during expiration. While an example
of a calculation of RSA signals for a patient is provided, one
of skill in the art will recognize that RSA signals may be
calculated using a variety of different methods without
departing from the scope of the present disclosure.

As discussed above, the diagnosis engine 302 may be
provided by a processor and instructions that are stored on
a computer-readable medium that is coupled to the proces-
sor. In an embodiment. the diagnosis engine 302 is a
machine learning system. For example, the diagnosis engine
302 may include an Artificial Neural Network (ANN) such
as a perceptron or other ANN known in the art. In an
embodiment, the diagnosis engine 302 may include patient
care intelligence that is based on a plurality of trauma patient
data and/or other real-world patient data known in the art.
For example, the diagnosis engine 302 may be created using
trauma patient data from the database 110, discussed above
with reference to FIG. 1, to provide the diagnosis engine 302
with patient care intelligence that allows the diagnosis
engine 302 to provide patient care recommendations, as
discussed in further detail below. In an experimental
embodiment, trauma patient data for a plurality of different
patients that included patient EKG signals for each patient
was used to create a plurality of derived patient signals for
each patient, and those derived patient signals were provided
to an ANN to determine whether those derived patient
signals could be used to identify which patients underwent
life saving interventions (LSIs). In this experimental
embodiment, it was found that the derived patient signals
could be used to identify patients that received an LSI with
a significant and clinically relevant degree of accuracy (in
one experimental embodiment, the accuracy was 90%).
Thus, one of skill in the art will recognize that the diagnosis
engine 302 may be created using trauma patient data that
may include patient physiological signals (e.g., patient EKG
or other signals), derived patient signals (discussed above),
and/or other patient information (e.g., patient physical char-
acteristics), along with patient care information (e.g,
whether or not the patient received an LSI), to provide or
‘teach’ the diagnosis engine 302 patient care intelligence
that allows the diagnosis engine 302 to provide patient care
recommendations, discussed in further detail below.

For example, in one embodiment, an ANN used in the
diagnosis engine 302 of the present disclosure may be
composed of a set of nodes representing a model of a neural
network that has been configured to make decisions on the
need for a LSI that is based on a set of patient information,
physiological signals, derived signals or vital signs, trends,
and/or other states that are provided into the inputs of the
nodes. The ANN may use a 3 layer structure with a set of
input nodes, a set of hidden nodes, and a set of output nodes
that make up the layers of the model. All nodes from the
input layer may be fully connected to the hidden layer (e.g.,
there may be one connection from each input layer to all
hidden nodes). Similarly, all hidden nodes may be fully
connected to the output layers. As the ANN is provided as
a computer model, all nodes and connections may be rep-
resented via software data structures for representing net-
work nodes and connections. Nodes in the input, hidden, and
output layers take data (e.g., patient physiological signals,
derived patient signals, patient information, etc.) from the
input side and transform the values using a set of learned
weights to generate a set of outputs that correspond to the
need for an LSI. The weights of the nodes may be deter-
mined using a supervised learning algorithm based on
trauma patient data from the database, discussed above. As
discussed above, a set of data with known results may be
given to the model. The weights of the model may then be
adjusted for each case based on the results of the set. In an
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experimental embodiment, a portion of which is discussed in
further detail below, sets of vital signs were fed to the model
with the corresponding outcome for the patient (patient
received an LSI or patient did not receive an LSI). For each
case, the model adjusted the weights of the nodes based on
the new dataset it was provided. In this experimental
embodiment, the inputs to the model included the patient
vital signs for systolic blood pressure (SBP), diastolic blood
pressure (DBP), mean blood pressure (MAP), blood oxygen
saturation (SpO2), respiratory rate (RR), heart rate (HR),

5

10
injury (MOI), but tended to have a higher heart rate (HR), a
lower Systolic Arterial Pressure (SAP), a lower GCS (Glas-
gow Coma Score), and a higher mortality.

In an experimental embodiment, the table below was
produced. The table illustrates the results of trauma patient
data analyzed to determine whether a plurality of linear time
and frequency domain patient variable (e.g., derived patient
signals) are predictive of whether or not a patient receives an
LS

Reflects Reflects Predictor of

Non LSI LSI P parasympathetic ~ sympathetic  LSI picked
Variable (n=197) (n = 65) value nervous system  nervous system by ANN?
RRI 650.50 +/- 9.70 565.63 +/- 16.19 <0001 Yes Yes Yes
RRMSD 13.89 +/- 0.88 6.17 +/- 0.77 <0001 Yes Yes
pNN30 3.53 +/- 0.63 0.44 +/- 0.18 <0001 Yes
TP 1107.75 +/- 131.81 305.98 +/- 58.73 <0001 Yes Yes Yes
LF 278.18 +/- 25.07 58.58 +/- 16.55 <0001 Yes Yes
HF 95.57 +/- 13.73 21.49 +/- 7.03 <0001 Yes Yes
LF/HF 150.04 +/- 104.68 104.68 +/- 46.39 <0001 Yes Yes
HF/LF 0.31 +/~ 0.03 0.42 +/- 0.07 0.371 Yes Yes Yes
LFu 0.77 +/- 0.01 0.67 +/- 0.02 <0001 Yes Yes
HFnu 0.20 +/- 0.01 0.25 +/- 0.02 0.013 Yes Yes
LFnw/HFnu 6.36 +/- 0.40 5.11+/- 073 0.002 Yes Yes Yes
HFnw/LFnu 0.34 +/- 0.03 0.53 +/- 0.08 0.002 Yes Yes
CDM LF 16.22 +/- 0.78 5.75 +/- 0.86 <0001 Yes Yes Yes
CDM HF 8.28 +/- 0.57 3.35 +/- 0.53 <0001 Yes Yes
CDM LE/HF 2.40 +/- 0.09 1.79 +/- 0.13 <0001 Yes Yes Yes

shock index (SI=HR/SBP), and pulse pressure (PP=SBP- ** As can be seen, patients that received an LSI had lower

DBP), Additionally, inputs also included the trends (i.e.
slope of the vital signs over time), and the maximum/
minimum values for each of the vital signs. Results of a
physical exam were also used for traiming including the
Glasgow Coma Score and the Capillary Refill. Any of these
or other values may be used to determine the final weights
to use for data processing at each node in the ANN. Once the
model has been trained based on the initial dataset, data may
be passed to the system for operational use to generate an
LSI recommendation and/or probability that a patient will
require an LSI based on new data provided to the system.
One of skill in the art will recognize that the diagnosis
engine 302 including the ANN discussed above may be
periodically or continuously updated with trauma patient
data in order to supplement, replace, or otherwise enhance
the patient care intelligence included in the diagnosis engine
302.

In an experimental embodiment, the table below was
produced. The table illustrates the results of trauma patient
data analyzed to determine whether a plurality of patient
demographic variables, patient conventional vital sign vari-
ables, and patient injury score variables are predictive of
whether or not a patient receives an LSI:

Variable Non LSI (n = 197) LSI (n = 65) P value
Age, yr 353 +-0.99 335 +/-1.8 0.271
Sex (male) 75.1% 82.5% 0.224
MOI (penetrating) ~ 28.42% 26.56% 0.775
HR 7 +/-1.6 109 +/- 43 0.004
SAP 129 +- 1.7 120 +/- 3.6 0.03
GCSromr 142 +/- 0.16 8.94 +/- 0.7 1.0001
GCSyoror 5.8 +/- 0.06 3.7 +/-0.32 <.0001
Mortality 1.32% 13.9% 0.0004

As can be seen, LSI patients tended to not differ from
non-LSI patients with respect to age, sex, and mechanism of
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values for all time domain and frequency domain descriptive
metrics except for HUnu and HFnw/LFnu (which were
higher) and HF/LF (which did not differ.)

Finally, in an experimental embodiment, the table below
was produced. The table illustrates the results of trauma
patient data analyzed to determine whether a plurality of
heart rate complexity analysis data (e.g., derived patient
signals) is predictive of whether or not a patient receives an
LSI:

Non LSI LSI P Predictor of LSI
Variable (n = 197) (n = 65) value  picked by ANN?
ApEn 1.10 +/-0.02 0.93 +/- 0.04 <.0001 Yes
SampEn  1.13 +/- 0.02 0.90 +/- 0.04 <.0001
FDDA  1.13 +/-0.01 1.07 +/- 0.01 <.0001
DFA 1.35 +/- 0.03 1.07 +/- 0.05 <.0001 Yes
SOD 0.15 +/- 0.00 0.20 +/- 0.01 <.0001
StatAV  0.82 +/- 0.01 0.95 +/- 0.01 <.0001
FW 32.59 +/-0.93 60.84 +/- 1.17 <.0001 Yes
DisnEn  0.64 +/0 100.01 ~ 0.55 +/- 0.01 <,0001 Yes

As can be seen, patients that received an LSI had lower
values for these metrics with the exception of Similarity of
Distributions (SOD), signal Stationarity (StatAV), and for-
bidden words (FW), which were higher.

The tables above are provided as an example of how
trauma patient data may be used with the diagnosis engine
302, and is not meant to be limit the creation of the diagnosis
engine 302 to any particular trauma patient data. Further-
more, as can be seen from the tables, the ANN picked 14 of
the derived patient signals as predictors of the need to
perform an LSI on the patient. While, in an embodiment,
those 14 derived patient signals may be used or deemed
useful in the diagnosis engine 302, it does not necessary
follow that, in other embodiments, the derived patient sig-
nals not picked by the ANN in the experimental embodiment
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illustrated above would not be provided by the waveform
analysis engine 304 or used by the diagnosis engine 302 to
provide a patient care recommendation, discussed in further
detail below. Furthermore, it should be clear to one of skill
in the art that other derived patient signals, combinations of
patient information, conventional physiological signals, and
derived patient signals, etc. may be used to create the
diagnosis engine 302 such that accurate patient care recom-
mendations may be provided. Thus, the tables above are
simply an example of one set of trauma data used to prove
the concept of a diagnosis engine using derived patient
signals to determine the need for an LSI and/or provide an
LSI recommendation, and one of skill in the art will recog-
nize that additional information or instructions may be
provided to the diagnosis engine 302 of the present disclo-
sure in order for the diagnosis engine 302 to provide patient
care recommendations.

The diagnosis engine 302 is coupled to the at least one
patient physiological signal input 308 and operable to
retrieve and/or receive at least one patient physiological
signal 312 from at least one physiological signal monitoring
device that is coupled to the patient monitoring system 300
through the at least one patient physiological signal input
308 (e.g., a device coupled directly to the input 308, a device
coupled to the input 308 over the network 102, etc.). Thus,
the diagnosis engine 302 may retrieve and/or receive any of
the patient physiological signals 312 received and/or
retrieved by the waveform analysis engine 304. The diag-
nosis engine 302 is also coupled to the waveform analysis
engine 304 and operable to retrieve and/or receive the
derived patient signals 314 provided by waveform analysis
engine 304. The diagnosis engine 302 is also coupled to the
patient information input 310 and operable to retrieve and/or
receive patient information 316 from at least one input
device that is coupled to the patient monitoring system 300
through the patient information input 308 (e.g., a device
coupled directly to the input 310, a device coupled to the
input 310 over the network 102, etc.). The diagnosis engine
302 is also coupled to the network input/output 311 and
operable to send and/or receive information through the
network input/output 311 and over the network 102. The
diagnosis engine 302 is also coupled to the display 306 and
operable to send patient care recommendations such as, for
example, a triage category recommendation 318 and/or an
LSI recommendation 320 (discussed in further detail below)
to the display 306 and/or another indicator device.

Referring now to FIG. 4, an embodiment of a patient care
recommendation system 400 is illustrated that includes some
of the components of the patient care recommendation
system 100 discussed above with reference to FIG. 1. The
patient care recommendation system 400 includes a local
patient monitoring system 402 that may be the local patient
monitoring system 104 discussed above. In the illustrated
embodiment, the local patient monitoring system 402
includes a chassis that houses the components of the patient
monitoring system 300, discussed above with reference to
FIG. 3, and includes a display/input device 404 (e.g., a touch
screen display), a network input/output 406, and a plurality
of physiological signal monitoring device inputs 408 and
410. A plurality of couplings 412, 414, and 416 are coupled
to the physiological signal monitoring device inputs 408 and
410 and to each of a respiration monitoring device 418, a
heart monitoring device (not illustrated), and/or a variety of
other physiological signal monitoring devices known in the
art to couple a patient 412, which may be the patient 108
discussed above with reference to FIG. 1, to the local patient
monitoring device 402. A networking cable 420 is coupled
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to the network input/output 406 to couple the local patient
monitoring device 402 to a network (e.g., the network 102
discussed above with reference to FIG. 1). In an embodi-
ment, the local patient monitoring device 402 is operable to
receive patient physiological signals of the patient 412 from
the respiration monitoring device 418 and heart monitoring
device (not illustrated), receive patient information through
the display/input device 404, determine a plurality of
derived patient signals from the patient physiological sig-
nals, and use the patient information, the patient physiologi-
cal signals, and the patient derived signals to provide a
patient care recommendation on the display/input device
404. In an embodiment, the local patient monitoring device
402 may be operable to send any or all of the patient
information, the patient physiological signals, and the
patient derived signals over the network to, for example, the
remote patient monitoring device 106 discussed above with
reference to FIG. 1.

Referring now to FIG. 5, another embodiment of a patient
care recommendation system 500 is illustrated that includes
some of the components of the patient care recommendation
system 100 discussed above with reference to FIG. 1. The
patient care recommendation system 500 includes a local
patient monitoring system 502. In the illustrated embodi-
ment, the local patient monitoring system 502 is included on
a shirt or other article or articles of patient wearable clothing
that may include components of the local patient monitoring
system 104 discussed above with reference to FIG. 1. The
local patient monitoring system 502 includes an IHS 503
and a plurality of physiological signal monitoring devices
such as a blood pressure monitoring device 504, a heart
monitoring device 506, and a respiration monitoring device
508 (e.g., a chest band) that are each coupled to the [HS 503
through respective couplings 510 (e.g., electrical cables) that
extend from physiological signal monitoring device inputs
on the THS 503. In an embodiment, a power supply, pres-
surized air supply (e.g., for the blood pressure monitoring
device), and/or a variety of other components may be
located on the shirt 503 or coupled to the physiological
signal monitoring devices. The THS 503 also includes a
wireless networking device that allows the ITHS 503 to
wirelessly communicate 512 with a remote patient monitor-
ing device 514 over a network (e.g., the network 102
discussed above with reference to FIG. 1). In an embodi-
ment, the THS 503 is operable to receive patient physiologi-
cal signals of a patient wearing the shirt (or otherwise
coupled to the blood pressure monitoring device 504, heart
monitoring device 506, a respiration monitoring device 508)
from the blood pressure monitoring device 504, heart moni-
toring device 506, a respiration monitoring device 508, and
send the patient physiological signals to the remote patient
monitoring device 514. The remote patient monitoring
device 514 is then operable to receive patient information
through a display/input device 516, determine a plurality of
derived patient signals from the patient physiological sig-
nals, and use the patient information, the patient physiologi-
cal signals, and the patient derived signals to provide a
patient care recommendation on the display/input device
516. In an embodiment, the remote patient monitoring
device 514 may be operable to send any or all of the patient
information, the patient physiological signals, and the
patient derived signals over the network to, for example,
another remote patient monitoring device (not illustrated).
While a plurality of physical patient care recommendation
systems 400 and 500 have been described above, the present
disclosure is not limited to these examples, and one of skill
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in the art will recognize that variety of other physical
systems will fall within its scope.

Referring now to FIGS. 6a and 6, a method 600 to
provide a patient care recommendation is illustrated. The
method 600 begins at block 602 where physiological signal
monitoring devices are coupled to a patient 602a. In an
embodiment, a one or more physiological signal monitoring
devices may be coupled to the patient 602a (which may be
the patient 108 discussed above with reference to FIG. 1),
such as a heart monitoring device, a respiratory monitoring
device, a blood pressure monitoring device, and EKG
device, and/or a variety of other physiological signal moni-
toring devices known in the art. For example, a conventional
FDA approved vital signs monitor may be used that provides
a complete vital signs monitoring solution including heart
rate measurements (e.g., numerics and EKG), pulse oxim-
etry, and non-invasive blood pressure (e.g., Systolic, Dia-
stolic, and/or Mean.) In another example, the local patient
monitoring system 402, discussed above with reference to
FIG. 4, may be coupled to the patient 412. In another
example, a patient may wear the local patient monitoring
system 502, discussed above with reference to FIG. 5, to
couple the blood pressure monitoring device 504, the heart
monitoring device 506, and the respiration monitoring
device 508 to the patient. One of skill in the art will
recognize that a variety of different systems and methods for
coupling physiological signal monitoring devices to a
patient will fall within the scope of the present disclosure.
Furthermore, while only one patient 602a is described as
being coupled to physiological signal monitoring devices,
any plurality of patients may be coupled to physiological
signal monitoring devices such that they may have patient
care recommendations provided in the method 600. For
example, a plurality of soldiers may be coupled to physi-
ological signal monitoring devices to allow patient care
recommendations to be made for those soldiers, a plurality
of patients in a hospital or other patient care area may be
coupled to physiological signal monitoring devices to allow
patient care recommendations to be made for those patients,
etc.

The method 600 then proceeds to block 604 where patient
information is received. In an embodiment, a doctor, nurse,
or other patient care provider may wish to receive a patient
care recommendation for the patient 6024 from the patient
care recommendation system such as, for example, the
patient care recommendation systems 100, 400, and/or 500.
The doctor, nurse, or other patient care provider may provide
patient information 604a about that patient 6024, using an
associated input device such as a keyboard, a touch screen,
etc., to the diagnosis engine 6045 located in the local patient
monitoring system coupled to that patient and/or the remote
patient monitoring system communicating with a local
patient monitoring device coupled to that patient 602a. In an
embodiment, patient information 604a about the patient
602a may include patient physical characteristics such as,
for example, that patients age, that patients sex, that patients
weight, that patients height, and/or a variety of other patient
physical characteristics known in the art. Additional patient
information may also be provided at block 604 that includes
patient scores such as, for example, A Glasgow Coma Score,
a Field Triage Score, A Revised Trauma Score, physical
exam scores, and/or a variety of other patient scores known
in the art. Further patient information may also be provided
at block 604 that includes a patient mechanism of injury,
patient demographical data, patient disease symptom data,
lab findings data, etc. In another embodiment, patient physi-
cal characteristics or other patient information for the patient
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602a may be stored in an THS included in the local patient
monitoring system (e.g., in the IHS 503 of the local patient
monitoring system 500, discussed above with reference to
FIG. 5), and those patient physical characteristics or other
patient information may be retrieved by or provided to the
diagnosis engine 6045 located in the remote patient moni-
toring system (e.g., the remote patient monitoring system
514) in response to a doctor, nurse, or other patient care-
giver requesting a patient care recommendation for the
patient 6024 coupled to that THS. While a few examples
have been provided, one of skill in the art will recognize that
a variety of different methods to provide patient information
to the patient care recommendation system will fall within
the scope of the present disclosure.

The method 600 then proceeds to block 606 where patient
physiological signals are received. In an embodiment, the
physiological signal monitoring device(s) coupled to the
patient in block 602 of the method 600 may continuously or
periodically provide patient physiological signals 606« from
the patient 6024 to the waveform analysis engine 6065 and
the diagnosis engine 6045 located in the local patient
monitoring system and/or the remote patient monitoring
system. For example, patient heart signals 606c. patient
respiratory signals 6064, patient blood pressure signals (not
illustrated), patient EKG signals (not illustrated), patient
pulse oximetry signals (not illustrated), and/or a variety of
other patient physiological signals from the patient 602a
may be provided to the waveform analysis engine 6065 and
the diagnosis engine 604b located in the local patient
monitoring system and/or the remote patient monitoring
system. In an embodiment, the patient physiological signals
may be received and/or retrieved by the waveform analysis
engine 6065 and the diagnosis engine 6045 in real time. In
one embodiment, at block 606 of the method 600, patient
physiological signals 606a that have been previously stored
in a storage device located in the local patient monitoring
system and/or the remote patient monitoring system may be
retrieved and/or received by the waveform analysis engine
6065 and the diagnosis engine 606d located in the local
patient monitoring system and/or the remote patient moni-
toring system.

The method 600 then proceeds to block 608 where
derived patient signals are determined. As discussed above,
the waveform analysis engine in the local patient monitoring
system and/or the remote patient monitoring system is
operable to use patient physiological signals to produce
derived patient signals (e.g., the RSA signal 608a and the
sample entropy signal 6085 in the illustrated embodiment).
Thus, at block 608 of the method 600, the waveform analysis
engine 606 in the local patient monitoring system and/or
the remote patient monitoring system uses the patient physi-
ological signals 606a from the physiological signal moni-
toring devices coupled to the patient 6024 to produce one or
more of the derived patient signals (e.g., 608a, and 608b)
discussed above and provides the derived patient signals to
the diagnosis engine 604b.

The method 600 then proceeds to block 610 where the
patient information, patient physiological signals, and
derived patient signals are used to provide a patient care
recommendation. As discussed above, the diagnosis engine
in the local patient monitoring system and/or the remote
patient monitoring system may be created using trauma
patient data and/or other real-world patient data that may
include patient physiological signals, derived patient sig-
nals, patient information, and/or patient care information, to
provide the diagnosis engine 302 with patient care intelli-
gence that allows the diagnosis engine 302 to provide patient



US 9,532,721 B2

15

care recommendations in response to the inputs provided
during the method 600. Thus, at block 610 of the method
600, the diagnosis engine 6045 uses the patient care intel-
ligence and the patient information 604a, the patient physi-
ological signals (e.g., 606¢ and 606d), and/or the derived
patient signals (e.g., 608a and 608b), to produce a patient
care recommendation 610a. For example, as discussed
above, in an embodiment, a trained ANN in the diagnosis
engine 302 including the patient care intelligence provided
by trauma patient data receives new patient data provided
during the method 600 to generate an LSI recommendation,
a probability that a patient producing the patient data will
require an LSI, etc.

In an embodiment, a patient care recommendation pro-
vided by the diagnosis engine may include a variety of
different patient care recommendations. As discussed above,
a patient care recommendation may include an LSI recom-
mendation produced by the ANN using nodes and learned
weights as discussed above. For example, an LSI recom-
mendation may include a recommendation to intubate a
patient (e.g., to perform endotracheal intubation on the
patient), to perform cardiopulmonary resuscitation on a
patient, to perform a chest-tube placement on a patient, to
perform a needle chest decompression on a patient, to
perform a blood transfusion on a patient, to perform crico-
thyroidotomy on a patient, to perform a pneumothorax
decompression on a patient, to perform hemorrhage control
on a patient, to perform fluid resuscitation on a patient, to
provide fluids to the patient, to perform a particular opera-
tion on the patient, and/or a variety of other LSI recommen-
dations known in the art. In an embodiment, the LSI
recommendation may include a value on a predetermined
severity scale. For example, a predetermined LSI severity
scale may be created that ranges between 0 and 1, 0% and
100%, etc., and the LSI recommendation may include a
value within that predetermined LSI severity scale. Thus, the
LSI recommendation may include a probability of the need
for an LSI (e.g., 0.8, 80%, etc.), a confidence interval for the
LSI recommendation (e.g., an indication of the reliability of
the value provided on the predetermined LSI severity scale
that may depend, for example, on the amount and/or quality
of the data—patient information, patient physiological sig-
nals, derived patient signals—being used to provide that
value), and/or a variety of other predetermined severity scale
values known in the art. One of skill in the art will recognize
that as more patient information, patient physiological sig-
nals, and/or derived patient signals are provided to the
system, the accuracy of the LSI recommendation and the
degree of confidence in that LSI recommendation may
increase.

In an embodiment, an LSI recommendation may be
provided by the diagnosis engine using some of the follow-
ing inputs (which one of skill in the art will recognize may
be provided as patient information, patient physiological
signals, and/or derived patient signals as discussed above):
Total Glasgow Coma Score, Initial Systolic Blood Pressure,
Initial Heart Rate, Systolic Blood Pressure Slope (over
time), Systolic Blood Pressure Mean (over time), Diastolic
Blood pressure Slope (over time), Diastolic Blood Pressure
Mean (over time), Mean Arterial Pressure Slope (over time),
Mean Arterial Pressure Mean (over time), Saturation of
Peripheral Oxygen Slope (over time), Saturation of Periph-
eral Oxygen Mean (over time), Respiratory Rate Slope (over
time), Respiratory Rate Mean (over time), Heart Rate Slope
(over time), Heart Rate Mean (over time), Lowest Systolic
Blood Pressure, Lowest Diastolic Blood Pressure, Initial
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Shock Index (HR/SBP), Initial Pulse Pressure (SBP-DBP),
and/or a variety of other inputs known in the art.

In another embodiment, a patient care recommendation
provided by the diagnosis engine may include a triage
category recommendation. In an embodiment. the ANN in
the diagnosis engine 302 may be trained to produce triage
category recommendations in the same manner as with LSI
recommendations discussed above. In another embodiment,
the triage category recommendations may be location spe-
cific and programmed into the diagnosis engine depending,
for example, where the system is used. For example, the
patient care intelligence included in the diagnosis engine
may be operable to use the patient information received in
block 604 of the method 600, the patient physiological
signals received in block 606 of the method 600, and/or the
derived patient signals received in block 608 of the method
to provide a triage category recommendation that indicates
how sick, injured, and/or otherwise in need of care a patient
is and/or a location that the patient should be taken to receive
care. For example, a triage category recommendation may
include categories such as, for example, “delayed”, “imme-
diate”, “minimal”, “expectant” (also known to those of skill
in the art as DIME), a color coding (e.g., red, yellow, green,
and black that correspond to the DIME categories), sick/not
sick indications, a value expressing the priority the patient
has to be evacuated (e.g., 1,2, 3,4 ..., where 1 is the highest
priority for evacuation, 2 is the second highest priority, and
so on), and/or a variety of other triage categories known in
the art. As discussed above, the diagnosis engine 302 may be
trained to determine triage categories, in response to receiv-
ing patient data, using trauma patient data. Thus, the triage
category recommendation may indicate to a doctor, nurse, or
other patient care provider with a true measure of the
severity of the patient’s current condition. The system may
also be preprogrammed with a plurality of locations for
treating patients, and the triage category recommendation
may include one of those locations.

Referring now to FIG. 6c, a patient monitoring system
6105, which may be a local patient monitoring system
and/or a remote patient monitoring system, includes a dis-
play 610c that, in the illustrated embodiment, is displaying
a patient care recommendation provided by the diagnosis
engine. As can be seen, the patient care recommendation
includes a triage category of “immediate” (e.g., indicating
that the current condition of the patient is severe) with a
recommendation that the patient be taken to an emergency
room. The patient care recommendation also includes an L.SI
recommendation that indicates an 88% probability that the
patient needs a LSI and a suggestion that the patient be
intubated.

Referring now to FIG. 7, a method 700 for providing a
patient health determination is illustrated. In an embodi-
ment, the method 700 may be used at block 608 of the
method 600, discussed above, to produce at least one of the
derived patient signals for use by the diagnosis engine in
block 610 of the method 600. However, the method 700 may
also be used by itself to produce the patient derived signal
that provides a patient health determination that indicates to
a doctor, nurse, and/or other patient care provider the health
of a patient. The method 700 begins at block 702 where
physiological signal monitoring devices are coupled to a
patient. At block 702, physiological signal monitoring
device may be coupled to a patient in substantially the same
manner as discussed above for block 602 of the method 600.
Thus, a patient may be coupled to a heart monitoring device,
a respiratory monitoring device, an EKG device, etc.
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The method 700 then proceeds to blocks 704 and 706
where patient respiratory signals and patient heart signals
are received. In an embodiment, a waveform analysis engine
may receive respiratory rate signals and heart rate signals
from the respiration monitoring device, the heart monitoring
device, the EKG device, etc., that are coupled to a patient.
In an embodiment, the patient respiratory signals and patient
heart signals are received and/or retrieved by the waveform
analysis engine with microsecond granularity, e.g., each
respective respiratory signal is received within at most 1-5
microseconds of a most recently received patient respiratory
signal, and each patient heart signal is received within at
most 1-5 microseconds of a most recently received patient
heart signal.

The method 700 then proceeds to block 708 where a
degree of decoupling between the patient respiratory signals
and the patient heart signals is determined. The Applicants
of the present disclosure have found that the diagnosis
engine may be created such that it is operable to determine
a degree of decoupling between patient respiratory signals
and patient heart, which the Applicants have found is
indicative of patient health, as explained in further detail
below.

At any given moment, approximately 10% of the blood in
the entire vascular system of a human is distributed to the
pulmonary circulation, and 10% of the blood in the pulmo-
nary circulation is distributed to the pulmonary capillary
bed. The stroke volume (i.e., the amount of blood ejected
into the aorta of a patient during each contraction of the left
ventricle) is directly related and may be equivalent to the
bolus of blood momentarily circulating in the pulmonary
capillary bed. Thus, most of the pulmonary capillary blood
volume is replaced with each heartbeat. It follows that the
distribution of heartbeats within the respiratory cycle criti-
cally affects the efficacy of gas exchange and may be
reflective of stroke volume.

During normal conditions the human heart rate is speed-
ing up during inspiration and slowing down during expira-
tion in a phenomenon that is known as respiratory sinus
arrhythmia (RSA). RSA is a physiologic adjustment of
blood supply to the amount of the available oxygen in the
lungs, as when there is oxygen available in the lungs
(inspiration), there is a benefit to pump blood through the
vessels in the lung to provide the highest exposure of blood
to atmospheric air (and oxygen in it) and, conversely, after
the blood is oxygenated, to deliver the highest amount of
oxygen to the tissues of the body. In addition, RSA con-
serves energy by slowing down the heart rate such that
“unnecessary” (or not efficient from the oxygen uptake point
of view) heartbeats are minimized during expiration. RSA is
carried out via the action of the parasympathetic autonomic
nervous system and there is data to show that the centers
responsible for coordination of RSA are in the limbic system
of the central nervous system (i.e., the brain).

The RSA has been found to manifest inter-organ influ-
ences as the respiration modulates changes in heart rate and
the heart rate influences respiration, and the Applicants have
determined that particular amounts of coupling, intercon-
nectedness, and/or informational exchange among the car-
diac and respiratory systems constitute a state of normal
regulation during rest and can be quantified by contempo-
rary statistical analyses that reflect the cardiovascular regu-
latory complexity. Furthermore, the Applicants have deter-
mined that the health of a patient is associated with normal/
higher levels of such complexity (e.g., measured as EKG
signal irregularity), whereas aging, hemorrhagic shock and
other critical states of a patient are associated with lower
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levels of this complexity. Thus, an RSA signal derived from
patient physiological signals is a derived patient signal that
can be used to provide a measure of this complexity in a
patient, thus allowing a determination of whether the patient
is healthy. However, conventional determinations of this
complexity require large segments of EKG (about 10-15
minutes of EKG data that is free of mechanical artifacts and
thythm disturbances, both of which are highly likely in
patients with critical illness).

During some critical states of a patient such as, for
example, hemorrhagic shock, the amount of circulating
blood is progressively decreasing, which puts intense
demand on the cardio-respiratory regulation to intensify
both circulation (i.e., to pump the lessening blood volume
through the lungs more frequently in an attempt to maintain
the same oxygen delivery to the tissues as was provided
prior to the critical state) and respiration (i.e., the increase
the respiratory rate and depth to provide more oxygen for
contact with blood per individual breath). Furthermore, with
increasing respiratory rate, the time available during an
inspiration decreases and, in addition, because the volume of
blood is decreasing (i.e., due to bleeding), stimulation of the
atrial stretch receptors cause an increase in blood pressure
which attempts to counteract the predominant trend of
decreasing blood pressure due to loss of blood. The Appli-
cants have found that both of the above mechanisms render
the variation of heart rate within a respiratory cycle during
critical states disadvantageous, and a resulting loss of RSA
during such states is detectable, for example, as loss of RRI
interval complexity of the EKG and signifies the disappear-
ance of the normal coupling or inter-organ communications
between the cardio-vascular and respiratory systems which,
in turn, signifies a state of reduced cardiovascular regulatory
complexity. Thus, the detection of the decoupling of heart
signals and respiratory signals that is indicated by a dimin-
ishing or absent RSA provides an early, non-invasive marker
of decreased complexity that indicates a decreased level of
health of a patient.

In one embodiment, the RSA has been quantified by the
Applicants using a simple approach within each respiratory
cycle (or consecutive cycles) of the patient. For example,
one method to provide noninvasive RSA estimation includes
a 10 second (or one respiratory cycle long) EKG tracing of
the patient. This is followed by a determination of the length
of the R-to-R interval (RRI) (e.g., in milliseconds) within the
EKG segment being used. A respiratory tracing that identi-
fies the occurrence of inspiration and expiration in then
obtained. The length of the RRI (e.g., in milliseconds) within
one respiratory cycle (RRI) is then be determined and
divided by the length of the RRI during expiration (RR1).
The Applicants have found that a ratio of the RRI/RRI <1
constitutes the presence of RSA in the patient that signifies
normal levels of coupling of the cardio-vascular and respi-
ratory interactions and thus normal levels of complexity
indicating a normal level of health in the patient, while a
ratio of the RRI/RRI 21 constitutes the absence of RSA and
signifies a disappearance or decoupling of cardio-vascular
and respiratory interactions indicating a decreasing com-
plexity and a decreased level of health in the patient that may
be detected very early in the critical state of the patient.
While one method of quantifying the RSA to provide a
derived patient signal or patient health determination has
been described, one of skill in the art will recognize that a
variety of other methods for quantifying the RSA in a patient
will fall within the scope of the present disclosure.

Thus, at block 708 of the method 700, the presence or
degree of RSA in a patient may be used as a forewarning of
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exhaustion of the normal compensatory reserves of the
patient during trauma, hemorrhage, and/or a variety of other
critical patient conditions known in the art, as normal high
levels of complexity indicate good health and a loss of
complexity provides an early indication of a loss of health by
indicating a degree of decoupling between the respiratory
system and the cardiovascular system of the patient relative
to a coupling that exists between the respiratory system and
the cardiovascular system of the patient when the patient is
healthy.

Thus, the diagnosis engine may be created with patient
care intelligence, as discussed above, to be operable to
interpret normal states of complexity indicated by the RSA
detected in a patient as derived patient signals that signify
health, while interpreting decreases in complexity indicated
by the RSA detected in a patient as derived patient signals
that signify the loss of ability of the patient to withstand the
patients condition, a poor prognosis, and/or a forewarning of
physiologic deterioration in the patient. For example, the
waveform analysis engine may use the patient heart signals
and the patient respiratory signals to calculate the patient
RSA signals as the ratio of the heart interbeat interval of the
patient during inspiration by the patient to the heart interbeat
interval of the patient during expiration by the patient. Those
patient RSA signals may then be sent to the diagnosis
engine, which may be operable to interpret the patient RSA
signals to signify that a patient is healthy if the RSA signals
(e.g., the RRI ratio discussed above) are less than 1 (and thus
at a normal state of complexity and unstrained in compen-
sating for the condition of the patient), and to interpret the
patient RSA signals to signify early signs of depletion of the
normal compensatory reserves of the patient if the RSA
signals are equal to or greater than 1. In an embodiment, a
degree of decoupling indicated by the patient RSA signals
may be associated with physiological signs of instability of
the patient in a database that is coupled to or otherwise
accessible by the diagnosis engine. The degree of decou-
pling between the respiratory system of the patient and the
cardiovascular system of the patient expressed as the patient
RSA signals may further be associated with triage category
recommendation and LSI recommendations, as discussed
above.

The method 700 then proceeds to block 710 where a
patient health indicator is provided that is based on the
degree of decoupling of the patient respiratory signals and
the patient heart signals. In an embodiment, the diagnosis
engine may provide the patient RSA signals or another
patient health indicator, that is based on the degree of
decoupling between the patient respiratory signals and the
patient heart signals indicated by the patient RSA signals, to
a display or other indicator device. For example, the ratio of
the RRI/RRI, discussed above may be displayed on a
display and interpretable by a patient care provider as a
value that indicates the health of a patient. In another
embodiment, the diagnosis engine may use the RSA signal
with patient information (e.g., patient physical characteris-
tics) and patient physiological signals to provide a patient
health indicator that may be part of the patient care recom-
mendation provided in the method 600 and described above.
Thus, a doctor, nurse, and/or other patient care provider may
use the patient health indicator to determine the health of a
patient, or the patient health indicator may be used by a
patient monitoring system to provide a patient care recom-
mendation to the doctor, nurse, and/or other patient care
provider.

In another embodiment, patient derived signals deter-
mined at block 608 of the method 600 and used at block 610
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to provide the patient care recommendation may include a
sample entropy signal, as discussed above. Sample entropy
measures the regularity of a nonlinear time series data by
examining the data for similar epochs (i.e., groups of con-
secutive points of similar lengths) in which more frequent
and similar epochs yield lower values of the sample entropy.
In experimental embodiments, sample entropy applied to
patient physiological signals have been found to allow the
comparison of patterns in the patient physiological signals to
determine the complexity of those patterns in relatively short
datasets (e.g., datasets of 100 heartbeats in length). In one
experimental embodiment, sample entropy signals were
created to measure the amount of irregularity in the R-R
interval signal from an EKG device coupled to a patient and
found to provide an accurate predicator of the degree of
success in separating that patient from mechanical ventila-
tion. One of skill in the art will recognize that the sample
entropy of a variety of patient physiological signals may be
calculated and provided as a derived patient signal to the
diagnosis engine. Furthermore, the patient care intelligence
in the diagnosis engine may allow the diagnosis engine to
provide specific and accurate patient care recommendations
based on sample entropy values created from a variety of
different patient physiological signals.

Thus, a system and method are described that allow
patient care recommendations to be provided for one or
more patients quickly, accurately, and non-invasively. The
systems and methods may be practiced in several different
situations while remaining within the scope of the present
disclosure. For example, the systems and methods discussed
above may be incorporated into a hospital or other patient
care facility (e.g., emergency rooms, intensive care units,
operating rooms, step down units), a en-route care vehicle
for transporting a patient to a patient care facility (e.g.,
helicopters, ground ambulances, etc.), a battlefield situation
or other mass casualty/injury situation, a mobile device
carried by a single patient that is monitored remotely by a
care provider, and/or a variety of other situations known in
the art. In battlefield situations, the absence of frequent
physiological measurements from the wounded soldiers
forces battlefield medics and hospital personnel to make
rapid decisions about priority of care and application of LSIs
based upon isolated “snapshot” data points (e.g., blood
pressure, pulse character, respiratory rate, and mental sta-
tus), while the system and methods of the present disclosure
allow the quick and accurate observation and analysis of
trends and the dynamic nature of the evolving and possibly
critically injured physiology of the patient by continuously
providing and analyzing patient physiological signals and
advanced patient vital signs (i.e. derived patient signals).

While the systems and methods described above are
particularly applicable to the critically ill and/or injured,
they should not be limited to such patient’s, as one of skill
in the art will recognize that the systems and methods
described above will provide benefits for patient’s requiring
all levels of care. Furthermore, the system and method
described provides for the remote monitoring of the health
of a plurality of patients and the determination of patient
care for that plurality of patients. For example, each of a
plurality of patients may be coupled to a respective local
patient monitoring system as discussed above, and a remote
patient monitoring system may monitor the health of that
plurality of patients through the transmittal of their respec-
tive patient physiological signals from their local patient
monitoring systems. Furthermore, the remote patient moni-
toring system may provide patient care recommendations for
each of the patients using the techniques discussed above,
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and the user of the remote patient monitoring system may
direct patient care providers to provide patient care (using,
for example, the L.SI recommendation) for each of the
patients. One of skill in the art will recognize that such an
embodiment may be particularly useful in patient manage-
ment for a large hospital, or for providing patient care to a
plurality of soldiers on a battlefield.

Although illustrative embodiments have been shown and
described, a wide range of modification, change and substi-
tution is contemplated in the foregoing disclosure and in
some instances, some features of the embodiments may be
employed without a corresponding use of other features.
Accordingly, it is appropriate that the appended claims be
construed broadly and in a manner consistent with the scope
of the embodiments disclosed herein.

What is claimed is:

1. A patient care recommendation system, comprising:

a diagnosis engine;

a waveform analysis engine coupled to the diagnosis

engine;

an input device coupled to the diagnosis engine and

operable to transmit patient physical characteristics;
and

at least one physiological signal monitoring device

coupled to each of the waveform analysis engine and
the diagnosis engine, wherein the at least one physi-
ological signal monitoring device is operable to pro-
duce a plurality of patient physiological signals related
to a patient;

wherein the waveform analysis engine is operable to use

at least one of the plurality of patient physiological
signals to produce at least one derived patient signal;
and

wherein the diagnosis engine is operable to provide at

least one patient care recommendation using together
the patient physical characteristics, at least one of the
plurality of patient physiological signals, and the at
least one derived patient signal, and

the patient care recommendation further includes a patient

life saving intervention (LSI) recommendation selected
from a group of recommendations where the group of
recommendations include perform cardiopulmonary
resuscitation on a patient, perform a chest-tube place-
ment on a patient, perform a needle chest decompres-
sion on a patient, perform a blood transfusion on a
patient, perform cricothyroidotomy on a patient, per-
form a pneumothorax decompression on a patient,
perform hemorrhage control on a patient, perform fluid
resuscitation on a patient, provide fluids to the patient,
and perform a particular operation on the patient.

2. The system of claim 1, wherein the at least one
physiological signal monitoring device includes a respira-
tion monitoring device that is operable to provide a respi-
ratory rate signal to each of the waveform analysis engine
and the diagnosis engine.

3. The system of claim 1, wherein the at least one
physiological signal monitoring device includes a heart
monitoring device that is operable to provide a heart rate
signal to each of the waveform analysis engine and the
diagnosis engine.

4. The system of claim 1, wherein the at least one derived
patient signal produced by the waveform analysis engine
includes a respiratory sinus arrhythmia signal produced
using a patient respiratory signal and a patient heart signal
received from the at least one physiological signal monitor-
ing device.
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5. The system of claim 1, wherein the at least one derived
patient signal produced by the waveform analysis engine
includes a sample entropy signal.

6. The system of claim 1, wherein the at least one patient
care recommendation includes a patient triage category
recommendation including a representation of the need of
care of a patient.

7. The system of claim 6, wherein the patient triage
category recommendation further includes recommended
patient location and the patient LSI recommendation
includes a predetermined severity scale value.

8. The system of claim 1, wherein the patient physical
characteristics are selected from a group consisting of a
patient age, a patient sex, a patient weight, and a patient
height.

9. The system of claim 1, further comprising:

a display coupled to the diagnosis engine and operable to

display the at least one patient care recommendation.

10. The system of claim 1, wherein the waveform analysis
engine is operable to produce the at least one derived patient
signal using at least one of a fast Fourier transform, a
complex demodulation, a detrended fluctuation analysis, a
similarity of distribution, and a fractal analysis.

11. A triage category and life saving intervention (LSI)
recommendation system, comprising:

a processor coupled to at least one computer-readable
medium to provide a waveform analysis engine and a
diagnosis engine;

an input device that is operable to provide patient physical
characteristics to the diagnosis engine;

a respiration monitoring device that is operable to provide
a respiratory rate signal to each of the waveform
analysis engine and the diagnosis engine; and

a heart monitoring device that is operable to provide a
heart rate signal to each of the waveform analysis
engine and the diagnosis engine;

wherein the waveform analysis engine includes instruc-
tions located on the at least one computer-readable
medium that, when executed by the processor, cause
the processor to use the respiratory rate signal and the
heart rate signal to produce at least one derived patient
signal that includes a respiratory sinus arrhythmia
signal; and

wherein the diagnosis engine includes instructions located
on the at least one computer-readable medium that,
when executed by the processor, cause the processor to
provide a patient triage category recommendation
including a representation of the need of care of a
patient and a patient LSI recommendation using
together the patient physical characteristics, the respi-
ratory sinus arrhythmia signal, and at least one of the
respiratory rate signal and the heart rate signal.

12. The system of claim 11, further comprising:

a display coupled to the diagnosis engine and operable to
display the patient triage category recommendation and
the patient LSI recommendation.

13. The system of claim 11, wherein the waveform
analysis engine includes instructions located on the at least
one computer-readable medium that, when executed by the
processor, cause the processor to produce the at least one
derived patient signal that includes a sample entropy signal.

14. The system of claim 11, wherein the patient triage
category recommendation further includes recommended
patient location and the patient LSI recommendation
includes a predetermined severity scale value.
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15. The system of claim 11, wherein the patient physical
characteristics are selected from a group consisting of a
patient age, a patient sex, a patient weight, and a patient
height.

16. A method to provide a plurality of patient care
recommendations for a group of patients at a trauma scene,
comprising:

for each patient:

providing patient physical characteristics to a diagnosis
engine using an input device;

receiving into each of the diagnosis engine and a
waveform analysis engine at least one patient physi-
ological signal that is related to the respective patient
where the at least one physiological signal monitor-
ing device is coupled to the respective patient;

producing at least one derived patient signal from the at
least one patient physiological signal using the wave-
form analysis engine and sending the at least one
derived patient signal to the diagnosis engine;

providing at least one patient care recommendation
from the diagnosis engine using together the patient
physical characteristics, at least one of the plurality
of patient physiological signals, the at least one

10
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20

derived patient signal, and trends in at least one of »5

the at least one of the plurality of physiological
signals and the at least one derived patient
signal, and
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wherein the at least one patient care recommendation
includes a patient triage category recommendation
including a value expressing the priority the patient has
to be evacuated from the trauma scene as compared to
other patients and a patient life saving intervention
(LSI) recommendation produced by a neural network
present in the diagnosis engine.

17. The method of claim 16, wherein the at least one
physiological signal monitoring device includes a respira-
tion monitoring device that sends a respiratory rate signal to
each of the waveform analysis engine and the diagnosis
engine, and a heart monitoring device that sends a heart rate
signal to each of the waveform analysis engine and the
diagnosis engine.

18. The method of claim 16, wherein the at least one
derived patient signal produced by the waveform analysis
engine includes a respiratory sinus arrhythmia signal pro-
duced using a patient respiratory signal and a patient heart
signal received from the at least one physiological signal
monitoring device.

19. The method of claim 16, wherein the at least one
derived patient signal produced by the waveform analysis
engine includes a sample entropy signal.

20. The system of claim 1, wherein the waveform analysis
engine is operable to produce the at least one derived patient
signal using at least one of a detrended fluctuation analysis,
a similarity of distribution, and a fractal analysis.
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