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A system is provided including a thoracic bio-impedance or
bio-reactance (TBIR) analysis module, a photoplethysmo-
graph (PPG) analysis module, and a cardiac output module.
The TBIR module is configured to obtain TBIR information
from a TBIR detector, and the PPG analysis module is con-
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SYSTEMS AND METHODS FOR
DETERMINING CARDIAC OUTPUT

FIELD

[0001] Embodiments of the present disclosure generally
relate to physiological signal processing, and more particu-
larly, to processing signals to determine the cardiac output of
a patient.

BACKGROUND

[0002] Cardiac output is the volume of blood pumped by
the heart over a given time period. Cardiac output may be
divided by body surface area to account for the size of a
patient. Cardiac output may be used to assess the state of a
patient’s circulation. Simple measurements, such as heart rate
and/or blood pressure, may be adequate to understand cardiac
output for some patients, but more detailed measurements
may be required, for example, in the event of any cardiovas-
cular abnormality. Hypotension or low blood pressure may
oceur in a wide range of patients (for example, due to low
cardiac output), especially those in intensive care or postop-
erative high dependency units. Measurement of cardiac out-
put may be useful to establish a patient’s initial cardiovascu-
lar state or to measure the patient’s response to various
therapeutic interventions. However, current methods of mea-
suring cardiac output suffer from a variety of drawbacks. For
example, arterial catheters used in measuring cardiac output
are highly invasive. As another example, collection of exhaled
gases may be used to measure cardiac output, but accurate
collection may be difficult due to leaks around a facemask or
mouthpiece.

[0003] Further, conventional non-invasive techniques suf-
fer from drawbacks as well. For example, conventional non-
invasive techniques for determining cardiac output may suf-
fer from inaccuracy, and may often overly involve the use of
guesswork or approximations in arriving at cardiac output.

SUMMARY

[0004] Certain embodiments of the present disclosure pro-
vide a system that may include a thoracic bio-impedance or
bio-reactance (TBIR) analysis module, a photoplethysmo-
graph (PPG) analysis module, and a cardiac output module.
The TBIR module is configured to obtain TBIR information
from a TBIR detector, and the PPG analysis module is con-
figured to obtain PPG information from a PPG detector. The
cardiac output module is configured to determine the cardiac
output of a patient using the TBIR information and the PPG
information.

[0005] The TBIR analysis module may include a TBIR
cardiac output determining module configured to determine a
TBIR-based cardiac output. The PPG analysis module may
include a PPG cardiac output determining module configured
to determine a PPG-based cardiac output.

[0006] The cardiac output module may be configured to
determine the cardiac output using at least one of a combina-
tion or a comparison of the TBIR-based cardiac output and
the PPG-based cardiac output. Further, the cardiac output
module may be configured to select one of the TBIR-based
cardiac output and the PPG-based cardiac output using TBIR
signal quality information and PPG signal quality informa-
tion.

[0007] Insome embodiments, the cardiac output module is
configured to combine the TBIR-based cardiac output and the
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PPG-based cardiac output using TBIR signal quality infor-
mation and PPG signal quality information.

[0008] The TBIR cardiac output determining module may
be configured to use at least a portion of the PPG information
to determine the TBIR-based cardiac output, and the PPG
cardiac output determining module may be configured to use
at least a portion of the TBIR information to determine the
PPG-based cardiac output.

[0009] Thecardiac output module may be configured to use
blood pressure information obtained from a blood pressure
detector to determine the cardiac output of the patient. In
some embodiments, the system may include a cuff detector
for detecting the blood pressure information.

[0010] Certain embodiments provide a method for deter-
mining cardiac output of a patient. The method may include
obtaining thoracic bio-impedance or bio-reactance (TBIR)
information from a TBIR detector configured to detect TBIR
activity of the patient. The method also may include obtaining
photoplethysmographic (PPG) information form a PPG
detector configured to detect PPG activity of the patient.
Further, the method may include determining, at a processing
unit, the cardiac output of the patient using the TBIR infor-
mation and the PPG information.

[0011] Certain embodiments provide a tangible and non-
transitory computer readable medium including one or more
computer software modules. The one or more computer soft-
ware modules are configured to direct a processor to obtain
thoracic bio-impedance or bio-reactance (TBIR) information
from a TBIR detector configured to detect TBIR activity ofa
patient. Also, the one or more computer software modules are
configured to direct a processor to obtain photoplethysmo-
graphic (PPG) information from a PPG detector configured to
detect PPG activity of the patient. Further, the one or more
computer software modules are configured to direct a proces-
sor to determine a cardiac output of the patient using the TBIR
information and the PPG information.

[0012] Embodiments provide for the determination of car-
diac output using information from a plurality of different
measurement techniques, thereby benefiting from advantages
and/or minimizing the effects of disadvantages of the particu-
lar individual techniques. Embodiments provide for theuse of
a plurality of cardiac outputs determined through different
measurement and/or calculation approaches to provide a
hybrid or composite cardiac output that provides an improved
measure of cardiac output than could be obtained using only
a single approach. Embodiments thus provide for improved
determination of cardiac output. Embodiments also provide
for system and methods that are configured to allow for accu-
rate determination of cardiac output that may overcome con-
founding events that would adversely affect an approach
using only a single technique. Further, embodiments provide
for sharing information across different technique-based
approaches, thereby improving the cardiac output determined
by any given technique.

[0013] Certain embodiments of the present disclosure may
include some, all, or none of the above advantages. One or
more other technical advantages may be readily apparent to
those skilled in the art from the figures, descriptions, and
claims included herein. Moreover, while specific advantages
have been enumerated above, various embodiments may
include all, some, or none of the enumerated advantages.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 illustrates a schematic diagram of a system
for determining cardiac output according to an embodiment.
[0015] FIG. 2a illustrates a thoracic bio-impedance or bio-
reactance (ITBIR) signal according to an embodiment.
[0016] FIG. 264 illustrates a photoplethysmogram (PPG)
signal according to an embodiment.

[0017] FIG.3illustrates a view ofa TBIR system according
to an embodiment.

[0018] FIG. 4illustrates an isometric view of a PPG system
according to an embodiment.

[0019] FIG. 5 illustrates a simplified block diagram of a
PPG system in accordance with an embodiment.

[0020] FIG. 6 illustrates a flowchart of a method for deter-
mining cardiac output according to an embodiment.

[0021] FIG. 7 illustrates a flowchart of a method for deter-
mining cardiac output according to an embodiment.

DETAILED DESCRIPTION

[0022] The foregoing summary, as well as the following
detailed description of certain embodiments will be better
understood when read in conjunction with the appended
drawings. To the extent that the figures illustrate diagrams of
the functional blocks of various embodiments, the functional
blocks are not necessarily indicative of the division between
hardware circuitry. Thus, for example, one or more of the
functional blocks (e.g., processors or memories) may be
implemented in a single piece of hardware (e.g., a general
purpose signal processor or random access memory, hard
disk, or the like) or multiple pieces of hardware. Similarly, the
programs may be stand-alone programs, may be incorporated
as subroutines in an operating system, may be functions in an
installed software package, and the like. It should be under-
stood that the various embodiments are not limited to the
arrangements and instrumentality shown in the drawings.
[0023] As used herein, an element or step recited in the
singular and proceeded with the word “a” or “an” should be
understood as not excluding plural of said elements or steps,
unless such exclusion is explicitly stated. Furthermore, refer-
ences to “one embodiment” are not intended to be interpreted
as excluding the existence of additional embodiments that
also incorporate the recited features. Moreover, unless explic-
itly stated to the contrary, embodiments “comprising” or
“having” an element or a plurality of elements having a par-
ticular property may include additional such elements not
having that property.

[0024] Embodiments provide for improved determination
of technique-based cardiac output (e.g., a cardiac output
based primarily upon a given measurement approach such as
thoracic bio-impedance or bio-reactance, or, as another
example, a photoplethysmogram) by the sharing of informa-
tion across two or more types of measurement approaches.
Embodiments also provide for improved determination of
cardiac output by using a plurality of technique-based cardiac
outputs to arrive at a determined hybrid or composite cardiac
output, for example, by a combination of a plurality of tech-
nique-based cardiac outputs, or as another example, by a
selection of an appropriate cardiac output from among the
plurality of technique-based cardiac outputs. The combina-
tion or comparison may be performed using signal quality
metrics representative of the quality of the respective tech-
nique-based cardiac outputs. Thus, embodiments are able to
select (or weight more heavily in a combination) the tech-
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nique-based cardiac output that provides an accurate repre-
sentation for a given set of circumstances. For example, a
confounding event may adversely affect one measurement
approach more adversely than a different approach. By
selecting (or weighting more heavily) a technique-based car-
diac output less affected by the confounding event than a
different technique-based cardiac output more affected by the
confounding event, an improved determination of cardiac
output may be provided.

[0025] For example, thoracic bio-impedance or bio-reac-
tance (TBIR, a measure of the impedance in the thorax of a
patient) detection and photoplethysmogram (PPG) detection
may be confounded by different events, and provide regard-
ing different physiological events, so a combination of the
two approaches may be used to take advantage of aspects
where a given technique is advantageous, and/or to minimize
aspects where a given technique is less useful. An event or
condition that tends to confound TBIR detection (e.g.,
edema) may not confound PPG detection. Thus, a composite
approach using both techniques may rely entirely or primarily
on detected PPG information when edema (which tends to
confound TBIR detection) is present. Similarly, an event that
tends to confound PPG detection (e.g., motion of a finger)
may not confound TBIR detection, and the composite
approach may instead rely entirely or primarily on detected
TBIR information in such circumstances.

[0026] Insome embodiments, a first technique, using a first
group of measurements detected by a first detector system, is
used to determine a first cardiac output. For example, the first
group of measurements may include measurements of TBIR,
which may also be known as thoracic bio-impedance or tho-
racic bio-reactance. As used herein, unless expressly speci-
fied otherwise, the term TBIR includes bio-impedance as well
as bio-reactance, which may be considered two different
techniques for determining cardiac output using an electrical
current measured by transthoracic electrodes. For example,
bio-impedance may be considered a measure of electrical
change (e.g., resistance) occurring with changing fluid levels
in the thorax, while bio-reactance may be considered as track-
ing a phase of electrical currents through the chest or thorax.
A second technique, using a second group of measurements
detected by a second detector system, is used to determine a
second cardiac output. For example, the second group of
measurements may include measurement of a PPG of a
patient. Further, one or more of the first or second techniques
may not be limited to using information from the respective
first or second detector. For example, the first and/or second
technique may also employ information obtained from a third
detector (e.g., blood pressure), or, additionally or alterna-
tively, the first technique may also use at least a portion of the
information obtained via the second technique, and vice
versa. By sharing information, each technique may benefit
from information obtained more effectively or accurately by
the other technique.

[0027] FIG. 1 illustrates a schematic diagram of a system
100 for determining cardiac output according to an embodi-
ment. The system 100, for example, may be used in conjunc-
tion with embodiments or aspects of methods or systems
described elsewhere herein. The system 100 includes a
patient information module 109, a TBIR detector 110, a TBIR
analysis module 120, a PPG detector 130, a PPG analysis
module 140, a blood pressure detector 150, a blood pressure
module 160, and a cardiac output module 170. In the illus-
trated embodiment, the system 100 includes three physiologi-
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cal detectors, namely, the TBIR detector 110, the PPG detec-
tor 130, and the blood pressure detector 150. In alternate
embodiments, more, fewer, additional, or different physi-
ological detectors (and associated modules may be
employed). In alternate embodiments, one or more of the
various detectors and/or modules may be combined into inte-
gral units. Further, some or all of the various modules of the
system 100 may be incorporated into a multiparameter medi-
cal monitor.

[0028] The various systems, monitors, modules, and units
disclosed herein may include a controller, such as a computer
processor or other logic-based device that performs opera-
tions based on one or more sets of instructions (e.g., soft-
ware). The instructions on which the controller operates may
be stored on a tangible and non-transitory (e.g., not a transient
signal) computer readable storage medium, such as a
memory. The memory may include one or more computer
hard drives, flash drives, RAM, ROM, EEPROM, and the
like. Alternatively, one or more of the sets of instructions that
direct operations of the controller may be hard-wired into the
logic of the controller, such as by being hard-wired logic
formed in the hardware of the controller.

[0029] In the embodiment illustrated in FIG. 1, a patient
102 is shown being monitored by the system 100. The patient
information module 109 is configured as a repository of infor-
mation regarding the patient 102, and may include informa-
tion such as height, age, weight, and/or gender of the patient
102, as well as information regarding any particular condi-
tions, characteristics, or medical history of the patient 102
that may be pertinent to the determination of cardiac output.
In some embodiments, the patient information module 109 is
configured as a stand-alone module that may be accessed by
other modules of the system 100, while in other embodiments
the patient information module 109 may be incorporated into
one or more other modules of the system 100, such as the
TBIR analysis module 120, the PPG analysis module 140,
and/or the cardiac output module 170.

[0030] The TBIR detector 110 is shown attached to the
patient 102 at a first region 104 of the patient 102, and is
configured to sense one or more outputs or characteristics of
cardiac activity of the patient 102, and to provide information
representative of the sensed characteristics to the TBIR mod-
ule 120. For example, the TBIR detector 110 may comprise a
plurality of electrodes positioned about the thorax and neck of
the patient 102. The TBIR detector 110 may measure the
bio-impedance or bio-reactance of the thorax of the patient
102 by measuring changes in the voltage of a signal passed
between the electrodes of the TBIR detector 110. The thoracic
bio-impedance (Z) of the patient 102 s related to the voltage
and current (supplied, for example, by electrodes of the TBIR
detector) by the relationship V=ixZ, where V is the voltage, i
is the current, and Z is the impedarnce.

[0031] Theimpedance generally corresponds to the volume
of blood in the thorax (the impedance is indirectly propor-
tional to the volume of blood), and thus changes in the imped-
ance generally correspond to changes in the volume of blood
in the first region 104 of the patient 102. (See also FIG. 3 and
related discussion). Generally speaking, blood has a low
impedance (e.g., is a generally good conductor) and air has a
high impedance (e.g., is a generally poor conductor), so that
the more blood is observed in the thorax, the lower the value
of impedance will be detected by the TBIR detector 110.
Changes in the impedance may generally correspond to
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changes in the amount of blood in the heart, which may be
used to determine the stroke volume for the patient 102.
[0032] The TBIR detector may provide information in the
form of a TBIR waveform corresponding to the impedance
(Z) of the patient 102 through one or more heart cycles. FIG.
2a illustrates an example of a TBIR waveform 200 over a
heart cycle. The TBIR waveform includes a peak 202 and a
bottom 204. The bottom 204 generally corresponds to an
ending portion of the QRS complex (or depolarization of the
heart as the ventricles contract, ejecting blood from the heart,
causing the aorta to expand and increasing blood in the tho-
rax), as the thorax has a generally high amount of blood (and
corresponding low impedance), and the peak 202 corre-
sponds to a portion of the T wave (or re-polarization of the
heart as the ventricles fill with blood) for the depicted heart
cycle, as the thorax has a generally low amount of blood (and
corresponding high impedance).

[0033] Thedifference between the peak 202 and the bottom
204 is depicted as AZ in FIG. 2a. The difference AZ corre-
sponds to the difference in the volume of blood being pumped
through the heart, and thus may be used to determine stroke
volume.

[0034] Returning to FIG. 1, the PPG detector 130 is shown
attached to the patient 102 at a second region 106 of the
patient 102, and is configured to sense one or more outputs or
characteristics of cardiac activity of the patient 102, and to
provide information representative of the sensed characteris-
tics to the PPG module 140. For example, the PPG detector
130 may comprise a pulse oximetry sensor positioned proxi-
mate an extremity, such as a fingertip of the patient 102. As
additional, example, a PPG detector may be positioned proxi-
mate to a toe, or to the forehead of a patient. The PPG detector
130 may measure an amount of oxygen in the skin, or oxygen
saturation at an extremity. (See also FIGS. 4 and 5, and related
discussion). In alternate embodiments, the PPG detector 130
may be replaced or supplemented with a different type of
detector or detectors, such as a different type of plethysmog-
raphy detector.

[0035] FIG. 25 illustrates a PPG signal 250 in accordance
with an embodiment. In FIG. 25, the PPG signal 250 shows a
single pulse 252. The PPG signal 250 may however include a
plurality of pulses over a predetermined time period. The time
period may be a fixed time period, or the time period may be
variable. Moreover, the time period may be a rolling time
period, such as a 5 second rolling timeframe.

[0036] Each pulse (e.g., 252) may represent a single heart-
beat and may include a pulse-transmitted or primary peak 254
separated from a pulse-reflected or trailing peak 256 by a
dichrotic notch 258. The primary peak 254 represents a pres-
sure wave generated from the heart to the point of detection,
such as in a finger where the PPG sensor 412 (shown in FIG.
4) is positioned. The trailing peak 256 represents a pressure
wave that is reflected from the location proximate where the
PPG sensor 412 is positioned back toward the heart. One or
more features of the PPG signal 250, such as one or more
trailing peaks 256 and one or more primary peaks 254, may be
used to identify a portion of a PPG signal corresponding to a
physiological cycle.

[0037] The blood pressure detector 150 is shown attached
to the patient 102 at a third region 108 of the patient 102, and
is configured to sense one or more outputs or characteristics
of cardiac activity of a patient, and to provide information
representative of the sensed characteristics to the blood pres-
sure module 160. The blood pressure detector 150 may com-
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prise a cuff positioned about a limb, for example, an upper
arm of the patient 102. The blood pressure detector 150 may
measure an arterial pressure of the patient 102, such as amean
arterial pressure (MAP). In some embodiments, the blood
pressure detector 150 is used to obtain an average or mean
value of blood pressure over a given period of time, while in
other embodiments the blood pressure detector 150 is used to
obtain generally continuously varying information corre-
sponding to blood pressure, for example a waveform corre-
sponding to arterial blood pressure. The pulse character may
vary based on the age and/or physiology of the patient.

[0038] The TBIR analysis module 120 is configured to
receive TBIR information from the TBIR detector 110 and to
determine a TBIR-based value of cardiac output using the
TBIR information. The TBIR-based value of cardiac output is
an example of a technique-based cardiac output. The TBIR
analysis module 120 includes a TBIR signal quality module
122, a TBIR cardiac output determining module 124, a
memory 126, and a display module 128. In the illustrated
embodiment, the TBIR analysis module 120 is depicted as a
stand-alone unit including various modules, such as a TBIR
cardiac output determining module 124 and a display module
128. In some embodiments, all or a portion of the TBIR
analysis module 120 may be incorporated into other compo-
nents, such as the cardiac output module 170, or, as another
example, a multi-parameter medical monitor. In some
embodiments, one or more modules of the TBIR analysis
module 120 may be shared with one or more other compo-
nents or aspects of a medical monitoring system.

[0039] The TBIR signal quality module 122 is configured
to obtain TBIR information, for example by receiving TBIR
information from the TBIR detector 110, and to determine
one or more TBIR signal quality metrics for the TBIR infor-
mation. The signal quality metrics may correspond to char-
acteristics of a given signal, additional physiological mea-
surements or characteristics of the patient 102, and/or
characteristics of the particular detection equipment used. For
example, the TBIR signal quality module 122 may analyze
the TBIR information and determine a signal-to-noise ratio.
The TBIR information may also be analyzed to determine the
presence and/or amount of one or more artifacts, such as
motion related artifacts (for example, corresponding to a
change in posture), and one or more signal quality metrics
may be determined based on the one or more artifacts. As
another example, positive end expiratory pressure (PEEP, a
positive pressure utilized during pulmonary ventilation) has
been found to affect TBIR measurements in ventilated
patients. Thus, in some embodiments, a signal quality metric
that represents or accounts for PEEP or variations in PEEP
may be used. Signal quality metrics representative of or cor-
responding to obesity, presence of pleural fluid, chest wall
edema, or pulmonary edema may also be used in some
embodiments.

[0040] Signal quality metrics associated with specific types
of detection equipment may be empirically determined and
utilized. Further, one or more signal quality metrics may be
determined from a comparison of obtained measurements
with an expected range or ranges of values for the measure-
ments. If the obtained measurements differ substantially from
the expected value, the signal quality metric based on such a
comparison may be given a relatively low value, while the
signal quality metric may be given a relatively high value if
the obtained measurements correspond well with the
expected values.
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[0041] TheTBIR cardiac output determining module 124 is
configured to obtain TBIR information, for example by
receiving the TBIR information from the TBIR detector 110,
and to determine a TBIR -based cardiac output using the TBIR
information. In some embodiments, the TBIR cardiac output
determining module 124 may use information from addi-
tional detectors, such as the PPG detector 130 and/or the
blood pressure detector 150 to determine the TBIR-based
cardiac output.

[0042] By way of example, the TBIR cardiac determining
module 124 may determine a TBIR-based cardiac output
using the relationship CO=PRxSV, where CO is the cardiac
output, PR is the pulse rate, and SV is the stroke volume. The
TBIR cardiac determining module 124 may first use informa-
tion from the TBIR detector 110 to determine the SV of the
patient 102. As discussed above, the difference AZ of the
TBIR waveform 200 corresponds to the difference in the
volume of blood being pumped through the heart and thorax,
and thus may be used to determine SV (stroke volume). For
example, in some embodiments, the difference AZ is used to
determine SV via an empirically derived calibration curve
obtained in clinical studies, using AZ and mean arterial pres-
sure (MAP) (for example, a MAP value obtained from the
blood pressure detector 150) as inputs to arrive at SV, through,
for example, a formula, or, as another example, through a
look-up table.

[0043] Thespecific formula (¢) and/orlook-up table(s) may
be derived during clinical studies, with AZ and MAP mea-
sured along with SV determined by conventional methods
(for example, use of an arterial catheter), and the values
correlated. The particular formula or table used may vary
across patient populations defined, for example, by age, gen-
der, size, and/or other patient characteristics. Thus, in the
illustrated embodiment, the TBIR cardiac determining mod-
ule 124 may be configured to obtain patient characteristic
information from the medical record module 109, use the
patient characteristic information to determine the appropri-
ate table or formula to be used in determining SV, and then use
the appropriate table or formula to determine SV. In some
embodiments, the AZ and MAP used may be average values
obtained over a given number of cardiac cycles or over a given
time period. In some embodiments, a similar clinical study
may be used to train a neural network that may subsequently
be used to determine values of SV based on correlations
experienced during the clinical study.

[0044] With SV determined, the TBIR-based cardiac out-
put may be determined. From above, the relationship
CO=PRxSV may be used. PR (pulse rate) may be determined
in different ways in different embodiments. For example, PR
(pulse rate) may be determined using information from the
TBIR detector 110. As another example, PR may be deter-
mined using information from the PPG detector 130. Thus,
the TBIR analysis module 120 may use information from
other sensors or detectors in addition to the TBIR detector
110, such as the PPG detector 130. Thus, in some embodi-
ments, the TBIR analysis module may use at least a portion of
PPG information obtained via the PPG detector 130 to deter-
mine the TBIR-based cardiac output. As another example, PR
may be obtained from an electrocardiogram detection system
(not shown) attached to the patient 102.

[0045] The memory 126 is configured for use by one or
more other aspects of the TBIR analysis module 120. Any
suitable computer-readable media may be used in the system
for data storage. Computer-readable media may be config-
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ured to store information that may be interpreted, for
example, by a microprocessor. The information may be data
or may take the form of computer-executable instructions,
such as software applications, that cause the microprocessor
to perform certain functions and/or computer-implemented
methods. The computer-readable media may include com-
puter storage media and communication media. The com-
puter storage media may include volatile and non-volatile
media, removable and non-removable media implemented in
any method or technology for storage of information such as
computer-readable instructions, data structures, program
modules or other data. The computer storage media may
include, but are not limited to, RAM, ROM, EPROM,
EEPROM, flash memory or other solid state memory tech-
nology, CD-ROM, DVD, or other optical storage, magnetic
cassettes, magnetic tape, magnetic disk storage or other mag-
netic storage devices, or any other medium which may be
used to store desired information and that may be accessed by
components of the system.

[0046] The display module 128 is configured to provide a
display of measured TBIR information and/or the TBIR-
based cardiac output. For example, the display module 128
may include a screen that displays TBIR information, such as
a'TBIR waveform representing the thoracic bio-impedance or
bio-reactance (or related parameter) for one or more cardiac
cycles. Additionally, or alternatively, the display module 128
may display a value of a TBIR-based cardiac output for a
given time period.

[0047] The PPG analysis module 140 is configured to
receive PPG information from the PPG detector 130 and to
determine a PPG-based value of cardiac output using the PPG
information, for example, as discussed below. The PPG-
based of cardiac output provides another example of a tech-
nique-based cardiac output in addition to the TBIR-based
cardiac output discussed above. The PPG analysis module
140 includes a PPG signal quality module 142, a PPG cardiac
output determining module 144, a memory 146, and a display
module 148. In the illustrated embodiment, the PPG analysis
module 140 is depicted as a stand-alone unit including vari-
ous modules, such as a PPG cardiac output determining mod-
ule 144 and a display module 148. In some embodiments, all
or a portion of the PPG analysis module 140 may be incor-
porated into other components, such as the cardiac output
module 170, or, as another example, a multi-parameter medi-
cal monitor. In some embodiments, one or more modules of
the PPG analysis module 140 may be shared with one or more
other components or aspects of a medical monitoring system.

[0048] The PPG signal quality module 142 is configured to
obtain PPG information, for example, by receiving PPG
information from the PPG detector 130, and to determine one
or more PPG signal quality metrics for the PPG information.
The signal quality metrics may correspond to characteristics
of a given signal, additional physiological measurements or
characteristics of the patient 102, and/or characteristics of the
particular detection equipment used. For example, the PPG
signal quality module 142 may analyze the PPG information
and determine a signal-to-noise ratio. The PPG information
may also be analyzed to determine the presence and/or
amount of one or more artifacts, such as motion related arti-
facts (for example, corresponding to a movement of a finger
to which a pulse oximeter is attached), and one or more signal
quality metrics may be determined based on the one or more
artifacts. As another example, changes in blood flow caused
by, for example, changes in temperature and/or certain medi-
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cations being taken by a patient have been found to affect PPG
measurements in patients. Thus, in some embodiments, a
signal quality metric that represents or accounts for variations
in temperature may be used. Signal quality metrics represen-
tative of or corresponding to medications being taken that
have been found to affect PPG may be used additionally or
alternatively in some embodiments.

[0049] Signal quality metrics associated with specific types
of detection equipment may be empirically determined and
utilized. Further, one or more signal quality metrics may be
determined from a comparison of obtained measurements
with an expected range or ranges of values for the measure-
ments. The signal quality metric may indicate an amount of
match or correspondence of the measured waveform with an
expected waveform. If the obtained measurements differ sub-
stantially from the expected value, the signal quality metric
based on such a comparison may be given a generally low
value, while the signal quality metric may be given a rela-
tively high value if the obtained measurements correspond
well with the expected values. For example, a PPG waveform
for a given cardiac cycle may be expected to have a double
bump shape as depicted in FIG. 2b. However, if one or more
measured PPG waveforms differ substantially from such a
shape, a signal quality metric may be employed indicating
that the PPG information is of poor quality.

[0050] The PPG cardiac output determining module 144 is
configured to obtain PPG information, for example by receiv-
ing the PPG information from the PPG detector 130, and to
determine a PPG-based cardiac output using the PPG infor-
mation. In some embodiments, the PPG cardiac output deter-
mining module 144 may use information from additional
detectors, such as the TBIR detector 110 and/or the blood
pressure detector 150 to determine the PPG-based cardiac
output.

[0051] By way of example, the PPG cardiac determining
module 144 may determine a PPG-based cardiac output using
the previously discussed relationship CO=PRxSV, where CO
is the cardiac output, PR is the pulse rate, and SV is the stroke
volume. In some embodiments, the PPG cardiac determining
module 144 may further employ the relationship SV=PRx
SVR/MAP, where SVR is the systemic vascular resistance,
and MAP is the mean arterial pressure (obtained, for example,
via the blood pressure detector 150).

[0052] For example, in some embodiments, the PPG car-
diac determining module 144 determines at least one of SV
and/or SVR using information comparing the height of and/or
the area under the primary peak 254 and the height of and/or
area under the trailing peak 256 of the PPG signal 250. As
shown in FIG. 24, the primary peak 256 has a primary height
260 and a primary area 270, and the trailing peak 254 has a
trailing height 262 and a trailing area 272. One or more ratios
comparing features of the primary peak 254 and the trailing
peak 256 may correspond to the relative size of the primary
wave and the reflected wave, and therefore provide insight
into the vascular resistance. In some embodiments, the par-
ticular ratio or ratios employed (e.g., primary area 270/trail-
ing area 272, primary height 260/trailing height 262) are
determined via an empirically derived calibration obtained in
clinical studies, using one or more such ratios as inputs to
arrive at SVR, through, for example, a formula, or, as another
example, through a look-up table.

[0053] Thespecific formula (¢)and/orlook-up table(s) may
be derived during clinical studies, with the heights and areas
of the primary and reflected portions of the PPG measured
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along with SVR determined by conventional methods, and
the values correlated. The particular correlation values may
vary across patient populations defined, for example, by age,
gender, size, and/or other patient characteristics. Thus, in the
illustrated embodiment, the PPG cardiac determining module
144 may be configured to obtain patient characteristic infor-
mation from the medical record module 109, use the patient
characteristic information to determine the appropriate table
or formula to be used in determining SVR, and then use the
appropriate table or formula to determine SVR. In some
embodiments, the ratios used may be average values obtained
over a given number of cardiac cycles or over a given time
period. In some embodiments, a similar clinical study may be
used to train a neural network that may subsequently be used
to determine values of SVR based on correlations experi-
enced during the clinical study between SVR and one or more
ratios of the primary and trailing peaks.

[0054] With SVR determined, SV may be determined using
the above mentioned relationship SV=PRxSVR/MAP. Pulse
rate may be determined, for example, by analyzing the time
between the primary peaks of a series of sequential PPG
waveforms. MAP may be obtained, for example, via the
blood pressure detector 150. Thus, in some embodiments, the
PPG analysis module 140 may use information from other
sensors or detectors in addition to the PPG detector 130. As
another example, the PPG analysis module 140 may use a
combination of the SV determined by the TBIR analysis
module 120 (or, as another example, a value of SVR deter-
mined using the SV determined by the TBIR analysis module
120) to determine a composite SYR value, which in turn may
be used to determine SV and/or cardiac output. Thus, in some
embodiments, the PPG analysis module 140 may use at least
aportion of TBIR information obtained via the TBIR detector
110 to determine the PPG-based cardiac output.

[0055] With SV determined, the PPG-based cardiac output
may be determined. From above, the relationship CO=PRx
SV may be used. PR (pulse rate) may be determined in dif-
ferent ways in different embodiments. For example, PR
(pulse rate) may be determined using information from the
PPG detector 130.

[0056] The memory 146 is configured for use by one or
more other aspects of the PPG analysis module 140. Any
suitable computer-readable media may be used in the system
for data storage. Computer-readable media may be config-
ured to store information that may be interpreted, for
example, by a microprocessor. The information may be data
or may take the form of computer-executable instructions,
such as software applications, that cause the microprocessor
to perform certain functions and/or computer-implemented
methods. The computer-readable media may include com-
puter storage media and communication media. The com-
puter storage media may include volatile and non-volatile
media, removable and non-removable media implemented in
any method or technology for storage of information such as
computer-readable instructions, data structures, program
modules or other data. The computer storage media may
include, but are not limited to, RAM, ROM, EPROM,
EEPROM, flash memory or other solid state memory tech-
nology, CD-ROM, DVD, or other optical storage, magnetic
cassettes, magnetic tape, magnetic disk storage or other mag-
netic storage devices, or any other medium which may be
used to store desired information and that may be accessed by
components of the system.
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[0057] The display module 148 is configured to provide a
display of measured PPG information and/or the PPG-based
cardiac output. For example, the display module 148 may
include a screen that displays PPG information, such as a PPG
waveform representing the PPG for one or more cardiac
cycles. Additionally, or alternatively, the display module 148
may display a value of a PPG-based cardiac output for a given
time period.

[0058] In the illustrated embodiment, the blood pressure
module 160 is configured to receive information from the
blood pressure detector 150, and to provide information
regarding the blood pressure of the patient 102 to the TBIR
analysis module 120 and the PPG analysis module 140. The
blood pressure module 160 may process raw information
received from the blood pressure detector 150. For example,
the blood pressure module may determine one or more of a
systolic pressure, diastolic pressure, or mean arterial pressure
over a given number of cardiac cycles or for a given amount
of time. In some embodiments, the blood pressure informa-
tion may be provided to the TBIR analysis module 120 or the
PPG analysis module 140 as a mean or average pressure
corresponding to a representative value for a given period,
while in other embodiments the blood pressure module 160
may determine and provide a waveform corresponding to the
blood pressure plotted against time. In some embodiments,
the blood pressure module 160 may be a stand-alone unit,
while in other embodiments, the blood pressure module 160
and the blood pressure detector 150 may be an essentially
integral unit. In still other embodiments, the blood pressure
module 160 may be a component of a medical monitor, such
as amulti-parameter medical monitor, or, as another example,
the blood pressure module 160 may be a component of the
cardiac output module 170.

[0059] The cardiac output module 170 is configured to
receive information from the TBIR analysis module 120 and
the PPG analysis module 140, and to use the information to
determine the cardiac output of the patient, for example a
hybrid or composite cardiac output. For example, in the illus-
trated embodiment, the cardiac output module receives the
TBIR-based cardiac output, the TBIR signal quality metrics,
the PPG-based cardiac output, and the PPG signal quality
metrics, and uses the received information to determine a
cardiac output for the patient 102.

[0060] The cardiac output module 170 includes a decision
engine module 172, a memory 174 and a display module 176.
In the illustrated embodiment, the cardiac output module 170
is depicted as a stand-alone unit including various modules,
such as a decision engine module 172 and a display module
176. In some embodiments, all or a portion of the cardiac
output module 170 may be incorporated into other compo-
nents, such as a multi-parameter medical monitor. In some
embodiments, one or more modules of the cardiac output
module 170 may be shared with one or more other compo-
nents or aspects of a medical monitoring system.

[0061] Generally speaking, the decision engine module
172 of the cardiac output module 170 obtains TBIR informa-
tion and PPG information and determines the cardiac output
of the patient using the TBIR information and the PPG infor-
mation. In some embodiments, the cardiac output module 170
may obtain TBIR and PPG information directly from TBIR
and PPG detectors, respectively. Alternatively or additionally,
the cardiac output module 170 may obtain TBIR and PPG
information indirectly from the sensors, for example by
receiving a TBIR-based cardiac output determined using the
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TBIR information and a PPG-based cardiac output deter-
mined using the PPG information.

[0062] In the illustrated embodiment, the decision engine
module 172 obtains the TBIR-based cardiac output and the
PPG-based cardiac output along with the corresponding sig-
nal metrics from the TBIR analysis module 120 and the PPG
analysis module 140, respectively, and determines a hybrid or
composite cardiac output based on a comparison and/or a
combination of the TBIR-based cardiac output and the PPG
cardiac output. For example, in some embodiments, the deci-
sion engine module 172 is configured to select from a plural-
ity of technique-based cardiac outputs based on which tech-
nique-based approach has one or more better signal quality
metrics. For instance, the decision engine module 172 may
selectone of the TBIR-based cardiac output or the PPG-based
cardiac output based on the particular cardiac output that has
better signal quality metrics. Alternatively or additionally, the
decision engine module 172 may combine the TBIR-based
cardiac output and the PPG-based cardiac output to provide a
composite cardiac output, with each component of the com-
posite cardiac output given a weighting based on the relative
values of one or more signal quality metrics.

[0063] Asindicated above, the decision engine module 172
may select one technique-based cardiac output from a plural-
ity of technique-based cardiac outputs. As one example, if the
TBIR information has a high signal-to-noise ratio along with
a waveform shape and amplitude that corresponds well with
the expected TBIR waveform, and if the PPG information has
a low signal-to-noise ratio along with a waveform shape and
amplitude that corresponds poorly with the expected PPG
waveform, then the TBIR signal quality metrics will indicate
a higher quality of information than the PPG signal quality
metrics, and the cardiac output module 170 may select the
TBIR-based cardiac output determined by the TBIR analysis
module 120 as the cardiac output. Other signal quality metrics
or combinations of signal quality metrics may be employed in
other embodiments.

[0064] As also indicated above, the decision engine module
172 may combine a plurality of technique-based cardiac out-
puts, for example using a weighting based on signal quality
metrics. For example, in some embodiments, if the signal
quality metrics of a PPG-based cardiac output are twice as
favorable as the signal quality metrics of a TBIR-based cat-
diac output, than the PPG-based cardiac output may be
weighted twice as heavily in a combination. The above is
meant by way of example only, as more mathematically com-
plicated combinations and weightings may be used in some
embodiments.

[0065] For example, in some embodiments, the particular
weightings or coefficients employed in a combination based
on one or more signal quality metrics may be empirically
determined. For example, a calibrated formula or look-up
table determined during a clinical trial may be employed. In
some embodiments, a neural network may be trained during
a clinical trial to associate objectively measured cardiac out-
put values (e.g., measured via an arterial catheter) with a
variety of measured signal quality metrics and technique-
based cardiac outputs or other technique related values. The
appropriately configured neural network may then subse-
quently be used to determine cardiac output when provided
with the measured signal quality metrics and technique-based
cardiac output values as inputs.

[0066] Generally speaking, appropriately selected and/or
weighted signal quality metrics may be employed to deter-
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mine which of the technique-based cardiac outputs provides
a better representation over a given period of time, with that
particular technique-based cardiac output either selected as
the cardiac output or weighted more heavily in a combination
providing the determined cardiac output. For example, for a
patient with edema, where a presence of fluid other than blood
in the thorax impairs the accuracy of the TBIR-based
approach, a PPG approach may be selected or weighted more
heavily. As another example, for a patient who has received
medication adversely affecting the accuracy of the PPG-
based approach, the TBIR-based approach may be selected or
weighted more heavily. As yet another example, if, due to
sensor malfunction, disengagement for the patient, or any
other reason, one of the approaches provides a poor signal-
to-noise ratio or otherwise suspect information, the cardiac
output determined based on a different approach may be
selected or weighted more heavily. Thus, in some embodi-
ments, redundancy is also provided to improve reliability of
determined cardiac output in the event of a sensor or detector
malfunction.

[0067] The memory 174 is configured for use by one or
more other aspects of the cardiac output module 170. Any
suitable computer-readable media may be used in the system
for data storage. Computer-readable media may be config-
ured to store information that may be interpreted, for
example, by a microprocessor. The information may be data
or may take the form of computer-executable instructions,
such as software applications, that cause the microprocessor
to perform certain functions and/or computer-implemented
methods. The computer-readable media may include com-
puter storage media and communication media. The com-
puter storage media may include volatile and non-volatile
media, removable and non-removable media implemented in
any method or technology for storage of information such as
computer-readable instructions, data structures, program
modules or other data. The computer storage media may
include, but are not limited to, RAM, ROM, EPROM,
EEPROM, flash memory or other solid state memory tech-
nology, CD-ROM, DVD, or other optical storage, magnetic
cassettes, magnetic tape, magnetic disk storage or other mag-
netic storage devices, or any other medium which may be
used to store desired information and that may be accessed by
components of the system.

[0068] The display module 176 is configured to provide a
display of the determined cardiac output. For example, the
display module 176 may include a screen that displays the
determined cardiac output as well as one or more of the
technique-based cardiac outputs used to determine the car-
diac output. In some embodiments, one or more of the display
modules 128, 148, or 176 may be integrated into a single
display unit.

[0069] FIG. 3 illustrates a plan view of a TBIR sensing
system 300 configured to monitor the TBIR of a patient 302,
according to an embodiment. The TBIR sensing system 300
includes thoracic electrodes 310a-d, neck electrodes 320a-d,
and monitoring unit 330. The monitoring unit 330 is config-
ured 1o receive information from the thoracic electrodes
310a-d and the neck electrodes 320a-d, and determine TBIR
information representative of the physiological activity of the
patient 302. For example, the monitoring unit 330 may be
substantially similar to the TBIR analysis module 120 dis-
cussed above.

[0070] Thethoracic electrodes 310a-d are positioned on the
thorax of the patient 302 generally as shown in FIG. 3. Simi-
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larly, the neck electrodes 320a-d are positioned on the neck of
the patient 302 generally as shown in FIG. 3. Current is
transmitted between the electrodes and used to measure the
bio-impedance or bio-reactance of the chest.

[0071] Generally speaking, the TBIR sensing system 300
operates as follows. Current is transmitted between the tho-
racic electrodes 310a-d and the neck electrodes 320a-d. As
the cardiac cycle progresses, the volume of blood in the
region through which the current passes changes. As the
volume of blood increases (e.g., as the thorax fills with
blood), the impedance drops (as blood is a generally good
conductor), which may be measured as a decrease in voltage
across the electrodes. As the volume of blood decreases (e.g.,
as the blood exits out of the thorax and toward other portions
of the body), the impedance increases, which may be mea-
sured as an increase in voltage across the electrodes. The
monitoring unit 330 may then calculate the impedance over
time using known or measured values for current and voltage,
and plot the impedance as a TBIR waveform, such as the
TBIR waveform 200 depicted in FIG. 2a. In other embodi-
ments, the impedance or TBIR may be determined with dif-
ferent electrode arrangements, or by other measurement tech-
niques.

[0072] FIG. 4illustrates an isometric view of a physiologi-
cal detection system 410 according to an embodiment. For
example, in the illustrated embodiment, the PPG detector 130
and the PPG analysis module 140 may be configured as a PPG
system 410. The PPG system 410 may be a pulse oximetry
system, for example. Other measurement techniques may be
employed in alternate embodiments. The PPG system 410
may include a PPG sensor 412 and a PPG monitor 414. The
PPG sensor 412 may include an emitter 416 configured to
emit light into tissue of a patient. For example, the emitter 416
may be configured to emit light at two or more wavelengths
into the tissue of the patient. The PPG sensor 412 may also
include a detector 418 that is configured to detect the emitted
light from the emitter 416 that emanates from the tissue after
passing through the tissue.

[0073] The PPG system 410 may include a plurality of
sensors forming a sensor array in place of the PPG sensor 412.
Each of the sensors of the sensor array may be a complemen-
tary metal oxide semiconductor (CMOS) sensor, for example.
Alternatively, each sensor of the array may be a charged
coupled device (CCD) sensor. In another embodiment, the
sensor array may include a combination of CMOS and CCD
sensors. The CCD sensor may include a photoactive region
and a transmission region configured to receive and transmit,
while the CMOS sensor may include an integrated circuit
having an array of pixel sensors. Each pixel may include a
photodetector and an active amplifier.

[0074] The emitter 416 and the detector 418 may be con-
figured to be located at opposite sides of a digit, such as a
finger ortoe, in which case the light that is emanating from the
tissue passes completely through the digit. The emitter 416
and the detector 418 may be arranged so that light from the
emitter 416 penetrates the tissue and is reflected by the tissue
into the detector 418, such as a sensor designed to obtain
pulse oximetry data.

[0075] The sensor 412 or sensor array may be operatively
connected to and draw power from the monitor 414. Option-
ally, the sensor 412 may be wirelessly connected to the moni-
tor 414 and include a battery or similar power supply (not
shown). The monitor 414 may be configured to calculate
physiological parameters based at least in part on data
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received from the sensor 412 relating to light emission and
detection. Alternatively, the calculations may be performed
by and within the sensor 412 and the result of the oximetry
reading may be passed to the monitor 414. Additionally, the
monitor 414 may include a display 420 configured to display
the physiological parameters or other information about the
PPG system 410. The monitor 414 may also include a speaker
422 configured to provide an audible sound that may be used
in various other embodiments, such as for example, sounding
an audible alarm in the event that physiological parameters
are outside a predefined normal range.

[0076] Thesensor 412, or the sensor array, may be commu-
nicatively coupled to the monitor 414 via a cable 424. Alter-
natively, a wireless transmission device (not shown) or the
like may be used instead of, or in addition to, the cable 424.
[0077] The PPG system 410 may also include a multi-
parameter workstation 426 operatively connected to the
monitor 414. The workstation 426 may be or include a com-
puting sub-system 430, such as standard computer hardware.
The computing sub-system 430 may include one or more
modules and control units, such as processing devices that
may include one or more microprocessors, microcontrollers,
integrated circuits, memory, such as read-only and/or random
access memory, and the like. The workstation 426 may
include a display 428, such as a cathode ray tubedisplay, aflat
panel display, such as a liquid crystal display (LCD), light-
emitting diode (LED) display, a plasma display, or any other
type of monitor. The computing sub-system 430 of the work-
station 426 may be configured to calculate physiological
parameters and to show information from the monitor 414
and from other medical monitoring devices or systems (not
shown) on the display 428. For example, the workstation 426
may be configured to display an estimate of a patient’s blood
oxygen saturation generated by the monitor 414 (referred to
as an SpO, measurement), pulse rate information from the
monitor 414 and blood pressure from a blood pressure moni-
tor (not shown) on the display 428.

[0078] The monitor 414 may be communicatively coupled
to the workstation 426 via a cable 432 and/or 434 that is
coupled to a sensor input port or a digital communications
port, respectively and/or may communicate wirelessly with
the workstation 426. Additionally, the monitor 414 and/or
workstation 426 may be coupled to a network to enable the
sharing of information with servers or other workstations.
The monitor 414 may be powered by a battery or by a con-
ventional power source such as a wall outlet.

[0079] The PPG system 410 may also include a fluid deliv-
ery device 436 that is configured to deliver fluid to a patient.
The fluid delivery device 436 may be an intravenous line, an
infusion pump, any other suitable fluid delivery device, or any
combination thereof that is configured to deliver fluid to a
patient. The fluid delivered to a patient may be saline, plasma,
blood, water, any other fluid suitable for delivery to a patient,
or any combination thereof. The fluid delivery device 436
may be configured to adjust the quantity or concentration of
fluid delivered to a patient.

[0080] The fluid delivery device 436 may be communica-
tively coupled to the monitor 414 via a cable 437 that is
coupled to a digital communications port or may communi-
cate wirelessly with the workstation 426. Alternatively, or
additionally, the fluid delivery device 436 may be communi-
catively coupled to the workstation 426 viaa cable 438 that is
coupled to a digital communications port or may communi-
cate wirelessly with the workstation 426. Alternatively or
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additionally, the fluid delivery device 436 may be communi-
catively coupled to one or more other aspects of a fluid
responsiveness determination system, such as a fluid respon-
siveness analysis module or ventilator unit similar to those
discussed elsewhere herein.

[0081] FIG. 5illustrates a simplified block diagram of the
PPG system 410, according to an embodiment. When the
PPG system 410 is a pulse oximetry system, the emitter 416
may be configured to emit at least two wavelengths of light
(for example, red and infrared) into tissue 440 of a patient.
Accordingly, the emitter 416 may include a red light-emitting
light source such as a red light-emitting diode (LED) 444 and
an infrared light-emitting light source such as an infrared
LED 446 for emitting light into the tissue 440 at the wave-
lengths used to calculate the patient’s physiological param-
eters. For example, the red wavelength may be between about
600 nm and about 700 nm, and the infrared wavelength may
be between about 800 nm and about 1000 nm. In embodi-
ments where a sensor array is used in place of single sensor,
each sensor may be configured to emit a single wavelength.
For example, a first sensor may emit a red light while a second
sensor may emit an infrared light.

[0082] As discussed above, the PPG system 410 is
described in terms of a pulse oximetry system. However, the
PPG system 410 may be various other types of systems. For
example, the PPG system 410 may be configured to emit
more or less than two wavelengths of light into the tissue 440
of the patient. Further, the PPG system 410 may be configured
to emit wavelengths of light other than red and infrared into
the tissue 440. As used herein, the term “light” may refer to
energy produced by radiative sources and may include one or
more of ultrasound, radio, microwave, millimeter wave,
infrared, visible, ultraviolet, gamma ray or X-ray electromag-
netic radiation. The light may also include any wavelength
within the radio, microwave, infrared, visible, ultraviolet, or
X-ray spectra, and that any suitable wavelength of electro-
magnetic radiation may be used with the system 410. The
detector 418 may be configured to be specifically sensitive to
the chosen targeted energy spectrum of the emitter 416.
[0083] The detector 418 may be configured to detect the
intensity of light at the red and infrared wavelengths. Alter-
natively, each sensor in the array may be configured to detect
an intensity of a single wavelength. In operation, light may
enter the detector 418 afier passing through the tissue 440.
The detector 418 may convert the intensity of the received
light into an electrical signal. The light intensity may be
directly related to the absorbance and/or reflectance of light in
the tissue 440. For example, when more light at a certain
wavelength is absorbed or reflected, less light of that wave-
length is received from the tissue by the detector 418. After
converting the received light to an electrical signal, the detec-
tor 418 may send the signal to the monitor 414, which calcu-
lates physiological parameters based on the absorption of the
red and infrared wavelengths in the tissue 440.

[0084] In anembodiment, an encoder 442 may store infor-
mation about the sensor 412, such as sensor type (for
example, whether the sensor is intended for placement on a
forehead or digit) and the wavelengths of light emitted by the
emitter 416. The stored information may be used by the
monitor 414 to select appropriate algorithms, lookup tables
and/or calibration coefficients stored in the monitor 414 for
calculating physiological parameters of a patient. The
encoder 442 may store or otherwise contain information spe-
cific to a patient, such as, for example, the patient’s age,
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weight, and diagnosis. The information may allow the moni-
tor 414 to determine, for example, patient-specific threshold
ranges related to the patient’s physiological parameter mea-
surements, and to enable or disable additional physiological
parameter algorithms. The encoder 442 may, for instance, be
acoded resistor that stores values corresponding to the type of
sensor 412 or the types of each sensor in the sensor array, the
wavelengths of light emitted by emitter 416 on each sensor of
the sensor array, and/or the patient’s characteristics. Option-
ally, the encoder 442 may include a memory in which one or
more of the following may be stored for communication to the
monitor 414: the type of the sensor 412, the wavelengths of
light emitted by emitter 416, the particular wavelength each
sensor in the sensor array is monitoring, a signal threshold for
each sensor in the sensor array, any other suitable informa-
tion, or any combination thereof.

[0085] Signals from the detector 418 and the encoder 442
may be transmitted to the monitor 414. The monitor 414 may
include a general-purpose control unit, such as a micropro-
cessor 448 connected to an internal bus 450. The micropro-
cessor 448 may be configured to execute software, which may
include an operating system and one or more applications, as
part of performing the functions described herein. A read-
only memory (ROM) 452, a random access memory (RAM)
454, user inputs 456, the display 420, and the speaker 422
may also be operatively connected to the bus 450.

[0086] The RAM 454 and the ROM 452 are illustrated by
way of example, and not limitation. Any suitable computer-
readable media may be used in the system for data storage.
Computer-readable media are configured to store information
that may be interpreted by the microprocessor 448. The infor-
mation may be data or may take the form of computer-ex-
ecutable instructions, such as software applications, that
cause the microprocessor to perform certain functions and/or
computer-implemented methods. The computer-readable
media may include computer storage media and communica-
tion media. The computer storage media may include volatile
and non-volatile media, removable and non-removable media
implemented in any method or technology for storage of
information such as computer-readable instructions, data
structures, program modules or other data. The computer
storage media may include, but are not limited to, RAM,
ROM. EPROM, EEPROM, flash memory or other solid state
memory technology, CD-ROM, DVD, or other optical stor-
age, magnetic cassettes, magnetic tape, magnetic disk storage
or other magnetic storage devices, or any other medium
which may be used to store desired information and that may
be accessed by components of the system.

[0087] Themonitor414 may also include a time processing
unit (TPU) 458 configured to provide timing control signals
to a light drive circuitry 460, which may control when the
emitter 416 is illuminated and multiplexed timing for the red
LED 444 and the infrared LED 446. The TPU 458 may also
control the gating-in of signals from the detector 418 through
an amplifier 462 and a switching circuit 464. The signals are
sampled at the proper time, depending upon which light
source is illuminated. The received signal from the detector
418 may be passed through an amplifier 466, a low pass filter
468, and an analog-to-digital converter 470. The digital data
may then be stored in a queued serial module (QSM) 472 (or
buffer) for later downloading to RAM 454 as QSM 472 fills
up. In anembodiment, there may be multiple separate parallel
paths having amplifier 466, filter 468, and A/D converter 470
for multiple light wavelengths or spectra received.
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[0088] Themicroprocessor 448 may be configured to deter-
mine the patient’s physiological parameters, such as SpO,
and pulse rate, using various algorithms and/or look-up tables
based on the value(s) of the received signals and/or data
corresponding to the light received by the detector 418. The
signals corresponding to information about a patient, and
regarding the intensity of light emanating from the tissue 440
over time, may be transmitted from the encoder 442 to a
decoder 474. The transmitted signals may include, for
example, encoded information relating to patient character-
istics. The decoder 474 may translate the signals to enable the
microprocessor 448 to determine the thresholds based on
algorithms or look-up tables stored in the ROM 452. The user
inputs 456 may be used to enter information about the patient,
such as age, weight, height, diagnosis, medications, treat-
ments, and so forth. The display 420 may show a list of values
that may generally apply to the patient, such as, for example,
age ranges or medication families, which the user may select
using the user inputs 456.

[0089] The fluid delivery device 436 may be communica-
tively coupled to the monitor 414. The microprocessor 448
may determine the patient’s physiological parameters, such
as a change or level of fluid responsiveness, and display the
parameters on the display 420. In an embodiment, the param-
eters determined by the microprocessor 448 or otherwise by
the monitor 414 may be used to adjust the fluid delivered to
the patient via fluid delivery device 436.

[0090] As noted, the PPG system 410 may be a pulse oxim-
etry system. A pulse oximeter is a medical device that may
determine oxygen saturation of blood. The pulse oximeter
may indirectly measure the oxygen saturation of a patient’s
blood (as opposed to measuring oxygen saturation directly by
analyzing a blood sample taken from the patient) and changes
in blood volume in the skin. Ancillary to the blood oxygen
saturation measurement, pulse oximeters may also be used to
measure the pulse rate of a patient. Pulse oximeters typically
measure and display various blood flow characteristics
including, but not limited to, the oxygen saturation of hemo-
globin in arterial blood.

[0091] A pulse oximeter may include a light sensor, similar
to the sensor 412, that is placed at a site on a patient, typically
a fingertip, toe, forehead or earlobe, or in the case of a neo-
nate, across a foot. The pulse oximeter may pass light using a
light source through blood perfused tissue and photoelectri-
cally sense the absorption of light in the tissue. For example,
the pulse oximeter may measure the intensity of light that is
received at the light sensor as a function of time. A signal
representing light intensity versus time or a mathematical
manipulation of this signal (for example, a scaled version
thereof, a log taken thereof, a scaled version of a log taken
thereof, and/or the like) may be referred to as a PPG signal. In
addition, the term “PPG signal,” as used herein, may also
refer to an absorption signal (for example, representing the
amount of light absorbed by the tissue) or any suitable math-
ematical manipulation thereof. The light intensity or the
amount of light absorbed may then be used to calculate the
amount of the blood constituent (for example, oxyhemoglo-
bin) being measured as well as the pulse rate and when each
individual pulse occurs.

[0092] The light passed through the tissue is selected to be
of one or more wavelengths that are absorbed by the blood in
an amount representative of the amount of the blood constitu-
ent present in the blood. The amount of light passed through
the tissue varies in accordance with the changing amount of
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blood constituent in the tissue and the related light absorption.
Red and infrared wavelengths may be used because it has
been observed that highly oxygenated blood will absorb rela-
tively less red light and more infrared light than blood with
lower oxygen saturation. By comparing the intensities of two
wavelengths at different points inthe pulse cycle, itis possible
to estimate the blood oxygen saturation of hemoglobin in
arterial blood.

[0093] The PPG system 410 and pulse oximetry are further
described in United States Patent Application Publication No.
2012/0053433, entitled “System and Method to Determine
SpQ, Variability and Additional Physiological Parameters to
Detect Patient Status,” United States Patent Application Pub-
lication No. 2010/0324827, entitled “Fluid Responsiveness
Measure,” and United States Patent Application Publication
No. 2009/0326353, entitled “Processing and Detecting Base-
line Changes in Signals,” all of which are hereby incorporated
by reference in their entireties.

[0094] Certain embodiments provide a system and method
determining cardiac output of a patient. For example, FIG. 6
provides a flowchart of a method 600 for determining cardiac
output in accordance with various embodiments. In various
embodiments, certain steps may be omitted or added, certain
steps may be combined, certain steps may be performed
simultaneously, or concurrently, certain steps may be split
into multiple steps, certain steps may be performed in a dif-
ferent order, or certain steps or series of steps may be re-
performed in an iterative fashion. The method 600 may be
performed. for example, in association with aspects, compo-
nents, systems, and/or methods such as those discussed else-
where herein.

[0095] At 602, first physiological information is obtained
by a first measurement technique. For example, the first
physiological information may be TBIR information. The
TBIR information may be obtained by a processing unit, such
as a cardiac output module 170 and/or a TBIR analysis mod-
ule 120. The TBIR information may be received from a detec-
tor such as TBIR detector 110 and/or the sensing system 300.
The TBIR information corresponds to the change of imped-
ance in the thorax of a patient, which in turn corresponds to
the change of blood volume in the thorax. Thus, the TBIR
information may be used to provide informationregarding the
amount of blood being drawn into and ejected from the heart
during a cardiac cycle (e.g., stroke volume).

[0096] At 604, first signal quality metrics are obtained. For
example, the signal quality metrics may be determined by a
TBIR analysis module 120 from an analysis of the obtained
TBIR information and/or patient information provided by a
patient information module 109. Signal quality metrics may
include a signal-to-noise ratio for the TBIR information.
Also, signal quality metrics may include metrics correspond-
ing to patient characteristics (such as obesity) or metrics
corresponding to a particular detection system being
employed. The signal quality metrics may also include met-
rics comparing the amount of match or fit between the
obtained TBIR information and expected TBIR information,
such as an amount of match or fit of an obtained TBIR wave-
form with the expected shape of a TBIR waveform.

[0097] At 606, a first technique-based cardiac output is
determined, for example by a TBIR analysis module 120. The
first technique-based cardiac output may correspond to the
cardiac output over a given duration of time, for example
about one minute. In some embodiments, the TBIR-based
cardiac output may be determined by using empirically deter-
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mined formula (e) or table(s) to determine a stroke volume
based on the TBIR information and MAP obtained by ablood
pressure detector 150. The TBIR-based cardiac output may
then be determined by multiplying the stroke volume by the
pulse rate. The pulse rate may be determined, for example,
using PPG information provided by a PPG detector 140.
[0098] At 608, second physiological information is
obtained by a second measurement technique. For example,
the second physiological information may be PPG informa-
tion. The PPG information may be obtained by a processing
unit, such as a cardiac output module 170 and/or a PPG
analysis module 140. The PPG information may be received
from a detector such as the PPG detector 130. The second
physiological information may obtained substantially con-
currently with the first physiological information.

[0099] At 610, second signal quality metrics are obtained.
For example, the signal quality metrics may be determined by
a PPG analysis module 140 from an analysis of the obtained
PPG information and/or patient information provided by a
patient information module 109. Signal quality metrics may
include a signal-to-noise ratio for the PPG information. Also,
signal quality metrics may include metrics corresponding to
patient characteristics (such as whether or not the patient is
taking medication that may affect the measured PPG), met-
rics indicating the presence, absence or amount of artifacts
such as motion of a finger to which a pulse oximeter is
attached, or metrics corresponding to a particular detection
system being employed. The signal quality metrics may also
include metrics comparing the amount of match or fit
between the obtained PPG information and expected PPG
information, such as an amount of match or fit of an obtained
PPG waveform with the expected shape of a PPG waveform
(e.g., how well the obtained PPG waveform conforms with an
expected double bump profile as depicted in FIG. 2a).
[0100] At 612, a second technique-based cardiac output is
determined, for example by a PPG analysis module 140. The
second technique-based cardiac output may correspondto the
cardiac output over a given duration of time, for example
about one minute. In some embodiments, the PPG-based
cardiac output (or value such as SVR used to determine the
PPG-based cardiac output) may be determined by using
empirically determined formula (e) or table(s) using one or
more ratios comparing the primary peak of a PPG waveform
with a trailing peak of the PPG waveform. The second tech-
nique-based cardiac output may be determined substantially
concurrently with the first technique-based cardiac output,
thus allowing for a comparison or combination of the tech-
nique-based cardiac outputs for a given period of time.
[0101] At 614, a hybrid or composite cardiac output is
determined using the first and second technique-based car-
diac outputs and the first and second signal quality metrics.
The cardiac output may be determined at a processing unit,
such as the cardiac output module 170. The cardiac output
may be determined by selecting the technique-based cardiac
output having more favorable signal quality metrics from the
first and second technique-based cardiac outputs. For
example, if the second technique-based cardiac output has
poor signal quality metrics associated therewith (e.g., an indi-
cation of substantial motion artifacts, a poor match with an
expected shape of a waveform, or an indication that a patient
has a medical condition or is taking medication that may
confound a measurement technique associated with the sec-
ond technique-based cardiac output), then the second tech-
nique-based cardiac output may be discarded and the first
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technique-based cardiac based output selected. Alternatively
or additionally, the first and second technique-based cardiac
outputs may be combined, with each technique-based cardiac
output weighted in the combination according to the relative
quality of corresponding signal quality metrics. For example,
if each of the first and second signal quality metrics satisfy a
particular threshold, the first and second cardiac outputs may
be combined, while if one does not satisfy a particular thresh-
old, the other may be selected without combining the two.
[0102] FIG. 7 illustrates a flowchart of a method 700 for
determining fluid responsiveness in accordance with various
embodiments. In various embodiments, certain steps may be
omitted or added, certain steps may be combined, certain
steps may be performed simultaneously, or concurrently, cer-
tain steps may be split into multiple steps, certain steps may
be performed in a different order, or certain steps or series of
steps may be re-performed in an iterative fashion. For
example, steps depicted at a given level vertically in FIG. 7
may be performed substantially concurrently with steps
depicted at the same vertical level. The method 700 may be
performed, for example, in association with aspects, compo-
nents, systems, and/or methods such as those discussed else-
where herein.

[0103] At 702, a PPG waveform (see, e.g., FIG. 2b and
related discussion) is obtained. For example, the PPG wave-
form may be determined by a PPG analysis module 140 using
information obtained by a PPG detector 120. The PPG wave-
form may be utilized to determine a PPG-based cardiac out-
put.

[0104] At 704, the relative sizes (e.g., height and/or area) of
the primary and trailing peaks (see, e.g., FIG. 2b and related
discussion) are analyzed to determine a systemic vascular
resistance (SVR). For example, one or more ratios corre-
sponding to the relative sizes of the primary and trailing peaks
may be computed by the PPG analysis module 140. The PPG
analysis module may then determine the SVR using, for
example, an empirically determined formula or look-up table,
or, as another example, a neural network trained during a
clinical study. The empirically determined analysis may also
use information from a patient data system, for example, to
select an appropriate formula or look up table based on a
demographic group or groups to which the patient belongs.
The PPG analysis module 140 may also use information
obtained by one or more other detectors to determine SVR.
For example, an SVR determined using information from a
TBIR detector 110 may be used in combination with an SVR
determined using a PPG-based approach to provide a com-
posite SVR.

[0105] At 706, the PPG signal quality is analyzed to pro-
vide PPG signal quality metrics. For example, the PPG analy-
sis module 140 may analyze the PPG information to deter-
mine a signal-to-noise ratio. As another example, the PPG
analysis module 140 may determine a signal quality metric
based on a comparison of an obtained PPG waveform with an
expected PPG waveform, using an amount of match or fit of
the shape of the obtained waveform with the expected shape
to determine a signal quality metric.

[0106] At 708, a pulse rate is determined. For example, the
pulse rate may be determined by the PPG analysis module
140 based on the time between primary peaks in the PPG
waveform.

[0107] At 710, a PPG-based cardiac output is determined.
The PPG-based cardiac output may correspond to the cardiac
output over a given duration of time, for example about one
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minute. For example, the PPG-based cardiac output may be
determined using the relationship CO (cardiac output)=PR
(pulse rate)xSV (stroke volume), where the stroke volume is
determined using the relationship SV=PRxSVR (systemic
vascular resistance)/MAP (mean arterial pressure).

[0108] MAP, for example, may be obtained by a blood
pressure detector, such as blood pressure detector 150, at 712.
The obtained MAP may be used, for example, in determining
both the PPG-based cardiac output as well as the TBIR-based
cardiac output.

[0109] At 714, patient information is obtained. For
example, patient information may be provided by a patient
information module 109. The patient information may
include, for example, information on a demographic group or
groups to which the patient belongs, such as information
corresponding to the age, height, weight, or gender of the
patient. The patient information may also include any specific
conditions in the patient’s medical history and/or any medi-
cations the patient is currently taking that may affect one or
more sensed or detected measurements. The patient informa-
tion obtained at 714 may be utilized in determining the PPG-
based cardiac output and/or the TBIR-based cardiac output as
well as corresponding signal quality metrics. For example, a
demographic group to which the patient belongs may be used
in selecting an appropriate empirically derived formula or
look-up table used in determining a technique-based cardiac
output.

[0110] At 716, a TBIR waveform (see, e.g., FIG. 2a4 and
related discussion) is obtained. For example, the TBIR wave-
form may be determined by a TBIR analysis module 120
using information obtained by a TBIR detector 110. The
TBIR waveform may be utilized to determine a TBIR-based
cardiac output.

[0111] At 718, the TBIR waveform is analyzed to deter-
mine stroke volume. For example, the difference between a
peak and a bottom of the TBIR waveform (see, e.g., FIG. 2a
and related discussion) provides information corresponding
to the volume of blood moving through the thorax and may be
correlated to the stroke volume. For example, the TBIR analy-
sis module 120 may determine the stroke volume, for
example, using an empirically determined formula or look-up
table that correlates the change in measured impedance to
stroke volume, or, as another example, using a neural network
trained during a clinical study. The empirically determined
technique may also use MAP obtained at 712 as an input. The
empirically determined analysis may also use information
from a patient data system, for example, to select an appro-
priate formula or look up table based on a demographic group
or groups to which the patient belongs.

[0112] At 720, the TBIR signal quality is analyzed to pro-
vide TBIR signal quality metrics. For example, the TBIR
analysis module 120 may analyze the TBIR information to
determine a signal-to-noise ratio. As another example, the
TBIR analysis module 120 may determine a signal quality
metric based on a comparison of an obtained TBIR waveform
with an expected TBIR waveform, using an amount of match
or fit of the shape of the obtained waveform with the expected
shape to determine a signal quality metric.

[0113] At 722, a TBIR-based cardiac output is determined
using the relationship CO (cardiac output)=PR (pulse rate)x
SV (stroke volume). The TBIR-based cardiac output may be
determined by the TBIR analysis module using information
obtained from both the TBIR detector 110 and the PPG detec-
tor 130. For example, the SV may be determined using infor-
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mation from the TBIR detector as discussed above, and the
PR may be determined using information from the PPG
detector 130. The TBIR-based cardiac output may corre-
spond to the cardiac output over a given duration of time, for
example about one minute.

[0114] At 724, a hybrid or composite cardiac output is
determined using the PPG and TBIR-based cardiac outputs
and the corresponding signal quality metrics. The hybrid or
composite cardiac output may be determined by selecting the
technique-based cardiac output having more favorable signal
quality metrics. For example, if the PPG-based cardiac output
has poor signal quality metrics associated therewith (e.g., an
indication of substantial motion artifacts, a poor match with
an expected shape of a PPG waveform, or an indication that a
patient has a medical condition or is taking medication that
may confound a PPG measurement), then the PPG-based
cardiac output may be discarded and the TBIR-based output
selected. Alternatively or additionally, the PPG and TBIR-
based cardiac outputs may be combined, with each technique-
based cardiac output weighted in the combination according
to the relative quality of corresponding signal quality metrics.
For example, if each of the PPG and TBIR signal quality
metrics satisfy a particular threshold, the PPG and TBIR-
based cardiac outputs may be combined, while ifone does not
satisfy a particular threshold, the other may be selected with-
out combining the two. Further, in some embodiments, the
weightings used in combining the PPG and TBIR-based car-
diac outputs may be empirically determined. For example, a
neural network may be trained during a clinical study during
which cardiac output is determined using invasive means
while PPG information, TBIR information, and correspond-
ing signal quality metrics are concurrently recorded. The
neural network may be trained during the clinical study to use
the PPG-based and TBIR-based cardiac outputs (or other
PPG and TBIR information) along with cotresponding signal
quality metrics as inputs to arrive at the cardiac output.

[0115] Thus, embodiments and system according to vari-
ous embodiments provide for improved determination of car-
diac output using non-invasive methods. For example, a first
technique-based cardiac output may be determined using a
first type of detected information (e.g., TBIR information)
and a second technique-based cardiac output may be deter-
mined using a second type of detected information (e.g., PPG
information). The technique-based cardiac outputs may then
be combined by either a comparison or combination based on
respective signal quality metrics. Because different con-
founding events or circumstances may affect the technique-
based output differently, using a variety of techniques and
selecting (or weighting more heavily) the technique having
better signal quality metrics, an improved cardiac output may
be determined. Further, in some embodiments, information
obtained by one or more techniques (e.g., TBIR, PPG) may
also be utilized in determining a cardiac output based on one
or more additional techniques, thereby improving the tech-
nique-based results as well.

[0116] The various systems, monitors, modules, and units
disclosed herein may include a controller, such as a computer
processor or other logic-based device that performs opera-
tions based on one or more sets of instructions (e.g., soft-
ware). The instructions on which the controller operates may
be stored on atangible and non-transitory (e.g., nota transient
signal) computer readable storage medium, such as a
memory. The memory may include one or more computer
hard drives, flash drives, RAM, ROM, EEPROM, and the
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like. Alternatively, one or more of the sets of instructions that
direct operations of the controller may be hard-wired into the
logic of the controller, such as by being hard-wired logic
formed in the hardware of the controller.

[0117] The various embodiments and/or components, for
example, the modules, monitors, or components and control-
lers therein, also may be implemented as part of one or more
computers or processors. The computer or processor may
include a computing device, an input device, a display unit
and an interface, for example, for accessing the Internet. The
computer or processor may include a microprocessor. The
microprocessor may be connected to a communication bus.
The computer or processor may also include a memory. The
memory may include Random Access Memory (RAM) and
Read Only Memory (ROM). The computer or processor fur-
ther may include a storage device, which may be a hard disk
drive or a removable storage drive such as a floppy disk drive,
optical disk drive, and the like. The storage device may also be
other similar means for loading computer programs or other
instructions into the computer or processor.

[0118] As used herein, the term “computer” or “module”
may include any processor-based or microprocessor-based
system including systems using microcontrollers, reduced
instruction set computers (RISC), ASICs, logic circuits, and
any other circuit or processor capable of executing the func-
tions described herein. The above examples are exemplary
only, and are thus not intended to limit in any way the defi-
nition and/or meaning of the term “computer.”

[0119] Thecomputer or processor executes a set of instruc-
tions that are stored in one or more storage elements, in order
to process input data. The storage elements may also store
data or other information as desired or needed. The storage
element may be in the form of an information source or a
physical memory element within a processing machine.
[0120] The set of instructions may include various com-
mands that instruct the computer or processor as a processing
machine to perform specific operations such as the methods
and processes of the various embodiments of the invention.
For example, a module or system may include a computer
processor, controller, or other logic-based device that per-
forms operations based on instructions stored on a tangible
and non-transitory computer readable storage medium, such
as a computer memory. The set of instructions may be in the
form of a software program. The software may be in various
forms such as system software or application software. Fur-
ther, the software may be in the form of a collection of
separate programs or modules, a program module within a
larger program or a portion of a program module. The soft-
ware also may include modular programming in the form of
object-oriented programming. The processing of input data
by the processing machine may be in response to operator
commands, or in response to results of previous processing,
or in response to a request made by another processing
machine.

[0121] As used herein, the terms “software” and “firm-
ware” are interchangeable, and include any computer pro-
gram stored in memory for execution by a computer, includ-
ing RAM memory, ROM memory, EPROM memory,
EEPROM memory, and non-volatile RAM (NVRAM)
memory. The above memory types are exemplary only, and
are thus not limiting as to the types of memory usable for
storage of a computer program.

[0122] It is to be understood that the above description is
intended to be illustrative, and not restrictive. For example,

Jun. 26,2014

the above-described embodiments (and/or aspects thereof)
may be used in combination with each other. In addition,
many modifications may be made to adapt a particular situa-
tion or material to the teachings without departing from its
scope. While the dimensions, types of materials, and the like
described herein are intended to define the parameters of the
disclosure, they are by no means limiting and are exemplary
embodiments. Many other embodiments will be apparent to
those of skill in the art upon reviewing the above description.
The scope of the disclosure should, therefore, be determined
with reference to the appended claims, along with the full
scope of equivalents to which such claims are entitled. In the
appended claims, the terms “including” and “in which” are
used as the plain-English equivalents of the respective terms
“comprising” and “wherein.”” Moreover, in the following
claims, the terms “first,” “second,” and “third,” etc. are used
merely as labels, and are not intended to impose numerical
requirements on their objects. Further, the limitations of the
following claims are not written in means-plus-function for-
mat and are not intended to be interpreted based on 35 U.S.C.
§112, sixth paragraph, unless and until such claim limitations
expressly use the phrase “means for” followed by a statement
of function void of further structure.

[0123] This written description uses examples to disclose
the various embodiments of the invention, and also to enable
any person skilled in the art to practice the various embodi-
ments of the invention, including making and using any
devices or systems and performing any incorporated meth-
ods. The patentable scope of the various embodiments of the
invention is defined by the claims, and may include other
examples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims if
the examples have structural elements that do not differ from
the literal language of the claims, or if the examples include
equivalent structural elements with insubstantial differences
from the literal language of the claims.

What is claimed is:

1. A system for determining a cardiac output of a patient,
the system comprising;

athoracic bio-impedance or bio-reactance (TBIR ) analysis

module configured to obtain TBIR information from a
TBIR detector;

aphotoplethysmograph (PPG) analysis module configured

to obtain PPG information from a PPG detector; and

a cardiac output module configured to determine the car-

diac output of the patient using the TBIR information
and the PPG information.

2. The system of claim 1,

wherein the TBIR analysis module includes a TBIR car-

diac output determining module configured to deter-
mine a TBIR-based cardiac output;

wherein the PPG analysis module includes a PPG cardiac

output determining module configured to determine a
PPG-based cardiac output.

3. The system of claim 2, wherein the cardiac output mod-
ule is configured to determine the cardiac output using at least
one of a combination or a comparison of the TBIR-based
cardiac output and the PPG-based cardiac output.

4. The system of claim 3, wherein the cardiac output mod-
ule is configured to select one of the TBIR-based cardiac
output and the PPG-based cardiac output using TBIR signal
quality information and PPG signal quality information.

5. The system of claim 3, wherein the cardiac output mod-
ule is configured to combine the TBIR-based cardiac output
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and the PPG cardiac based output using TBIR signal quality
information and PPG signal quality information, wherein a
weighted combination of the TBIR-based cardiac output and
the PPG-based cardiac output is used to determine the cardiac
output.

6. The system of claim 2 wherein at least one of:

the TBIR cardiac output determining module is configured

to use at least a portion of the PPG information to deter-
mine the TBIR-based cardiac output; or

the PPG cardiac output determining module is configured

to use at least a portion of the TBIR information to
determine the PPG-based cardiac output.
7. The system of claim 2 wherein the PPG cardiac output
determining module is configured to determine the PPG-
based cardiac output using information comparing at least
oneofaheight of or area under a primary peak ofa PPG signal
and at least one of a height of or area under a trailing peak of
the PPG signal.
8. The system of claim 1 wherein the cardiac output module
is configured to use blood pressure information obtained from
a blood pressure detector to determine the cardiac output of
the patient.
9. A method for determining a cardiac output of a patient
comprising:
obtaining thoracic bio-impedance or bio-reactance (TBIR)
information from a TBIR detector configured to detect
TBIR activity of the patient;

obtaining photoplethysmographic (PPG) information from
a PPG detector configured to detect PPG activity of the
patient;

determining, at a processing unit, the cardiac output of the

patient using the TBIR information and the PPG infor-
mation.

10. The method of claim 9, further comprising:

determining a TBIR-based cardiac output using the TBIR

information; and

determining a PPG-based cardiac output using the PPG

information.

11. The method of claim 10, wherein the cardiac output of
the patient is determined using at least one of a comparison or
a combination of the TBIR-based cardiac output and the
PPG-based cardiac output.

12. The method of claim 11, further comprising:

obtaining TBIR signal quality information corresponding

to a quality of the TBIR information; and
obtaining PPG signal quality information corresponding to
a quality of the PPG information;

wherein the at least one of the comparison or the combi-
nation is performed using the TBIR signal quality infor-
mation and the PPG signal quality information.

13. The method of claim 10, wherein at least one of:

determining the TBIR-based cardiac output includes using

at least a portion of the PPG information; or
determining the PPG-based cardiac output includes using
at least a portion of the TBIR information.

14. The method of claim 9, further comprising obtaining
blood pressure information from a blood pressure detector,
wherein at least one of:
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determining the TBIR-based cardiac output includes using
the blood pressure information obtained from the blood
pressure detector; or

determining the PPG-based cardiac output includes using

the blood pressure information obtained from the blood
pressure detector.
15. A tangible and non-transitory computer readable
medium comprising one or more computer software modules
configured to direct a processor to:
obtain thoracic bio-impedance or bio-reactance (TBIR)
information from a TBIR detector configured to detect
TBIR activity of a patient;

obtain photoplethysmographic (PPG) information from a
PPG detector configured to detect PPG activity of the
patient;

determine a cardiac output of the patient using the TBIR

information and the PPG information.

16. The computer readable medium of claim 15, wherein
the computer readable medium is further configured to direct
the processor to:

determine a TBIR-based cardiac output using the TBIR

information; and

determine a PPG-based cardiac output using the PPG

information.

17. The computer readable medium of claim 16, wherein
the computer readable medium is further configured to direct
the processor to determine the cardiac output of the patient
using at least one of a comparison or a combination of the
TBIR-based cardiac output and the PPG-based cardiac out-
put.

18. The computer readable medium of claim 17, wherein
the computer readable medium is further configured to direct
the processor to:

obtain TBIR signal quality information corresponding to a

quality of the TBIR information; and

obtain PPG signal quality information corresponding to a

quality of the PPG information;

wherein the at least one of the comparison or the combi-

nation is performed using the TBIR signal quality infor-
mation and the PPG signal quality information.

19. The computer readable medium of claim 16, wherein
the computer readable medium is further configured to direct
the processor to at least one of:

determine the TBIR-based cardiac output using at least a

portion of the PPG information; or

determine the PPG-based cardiac output using at least a

portion of the TBIR information.

20. The computer readable medium of claim 15, wherein
the computer readable medium is further configured to direct
the processor to obtain blood pressure information from a
blood pressure detector, and wherein the computer readable
medium is further configured to direct the processor to at least
one of:

determine the TBIR-based cardiac output using the blood

pressure information obtained from the blood pressure
detector; or

determine the PPG-based cardiac output using the blood

pressure information obtained from the blood pressure
detector.
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