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METHODS AND SYSTEMS FOR FEEDING
READINESS DIAGNOSIS

BACKGROUND

[0001] Feeding intolerance is very common especially in
the very low birth-weight infants (VLBW) infants. This is a
major concern for neonatologists, and controversy exists
regarding how fast to advance enteral feedings. Current
decisions to feed the premature infants are based on indi-
cators such as gastric residuals, abdominal circumference
and clinical appearance. These are highly subjective and
provide poor evidence about feeding readiness. In fact,
gastric residual measurements may have some unwanted
side effects such as gastric mucosal disruption and removal
of active enzymes and gastric acid. Reliance on such sub-
jective clinical judgment rather than objective criteria often
results in overly aggressive feeding the infants with high risk
of developing necrotizing enterocolitis (NEC), or underfeed-
ing that can lead to growth failure, atrophy of the bowel,
increased inflammatory responses, and an increased likeli-
hood for the development of sepsis.

[0002] An important task is to clarify whether the neonatal
gastrointestinal (GI) tract has matured adequately for accept-
ing feeding advancements. Objective and scientific investi-
gations are necessary to clarify if the signs of feeding
intolerance are predictive of NEC or due to normal matu-
ration patterns. For the infants who have had surgery for
bowel disease such as gastroschisis and necrotizing entero-
colitis (NEC), metabolic demands are increased due to
overlapping requirements for growth and recovery. A means
for determining enteral feeding readiness is crucial for these
infants.

[0003] Premature feeding attempts may exacerbate feed-
ing intolerance, while lack of enteral feedings will prolong
intravenous nutrition and its associated complications. Cur-
rent decisions on when to introduce feedings in these infants
are based on clinical criteria such as stool passage and
presence of bowel sounds supported by conventional aus-
cultation technique. Many infants (i.e. those with gastro-
schisis) have never been fed and have little stool to pass.
Presence or absence of bowel sounds is not very reliable for
the prediction of feeding readiness in these infants. Predic-
tion may be improved by using alternative non-invasive
investigations of bowel motility or more rigorous objective
investigation of bowel sounds. The ability to accurately
discern the babies who can be safely fed and have their
enteral feedings increased versus the ones who cannot would
be a critical advance in neonatal intensive care. Methods
currently used in the neonatal GI evaluation include plain
radiography, which is readily applicable and valuable in
detecting NEC, bowel performation, and bowel obstruction.
However, the information that can be obtained regarding gut
motility and feeding readiness using this method is very
limited. While contrast studies can provide some functional
information about gastric emptying or intestinal transit that
is derived from anatomic delineation, radiography is limited
in that it is a qualitative assessment method and produces
planar and snapshot images of a single point in time.
Scintigraphy, which is not a widely used method in infants,
can also be used for motility research. A gamma camera is
used to image radionuclide tracers in GI transit studies. It is
limited, however, by poor image resolution, interpretational
difficulty for overlapping intestine, and practical difficulty of

Nov. 24,2016

moving patients to the testing site. Radiation exposure is a
critical drawback for both radiography and scintigraphy.
[0004] Therefore, current technologies are limited in vali-
dation, practical application and patient safety. Therefore,
the evaluation of feeding readiness in premature infants
using these methods is less than satisfactory, and continuing
efforts for developing better assessment modalities are
needed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Many aspects of the present disclosure can be
better understood with reference to the following drawings.
The components in the drawings are not necessarily to scale,
emphasis instead being placed upon clearly illustrating the
principles of the present disclosure. Moreover, in the draw-
ings, like reference numerals designate corresponding parts
throughout the several views.

[0006] FIG. 1is a block diagram illustrating an example of
a system for evaluating a feeding condition of a neonate in
accordance with various embodiments of the present disclo-
sure.

[0007] FIGS. 2A and 2B are flowcharts illustrating an
example of functionality of the system of FIG. 1 in accor-
dance with various embodiments of the present disclosure.
[0008] FIG. 3 is a flowchart illustrating examples of
signals feature extraction, and classification of the flowchart
of FIG. 2B in accordance with various embodiments of the
present disclosure.

[0009] FIG. 4 is a graphical representation of an example
of a processor system suitable for implementing the system
of FIG. 1 in accordance with various embodiments of the
present disclosure.

[0010] FIG. 5 shows a typical setup of sensors on a doll
model.
[0011] FIG. 6: NIRS showing a post-prandial increase in

A-rSO2 for a participant born at 30 weeks Gestation.
[0012] FIG. 7: NIRS showing post-prandial decrease in
A-rSO2 for a participant born at 28 weeks gestation.
[0013] FIG. 8: Pre-prandial (Pre) and post-prandial (Post)
EGG, AC, and NIRS results for A) a feeding-tolerant
participant born at 26%7 weeks and weighing 905 grams.
EGG power spectra results show a significant post-prandial
increase in the power spectral density (amplitude) at the 3
cycle per minute (c.p.m) frequency of normal gastric slow
wave. AC heat maps show an increase in the post-prandial
amplitudes (warmer colors) for the feeding-tolerant baby.
NIRS shows an increase in A-rSO2 at 60 minutes after
feeding. B) A participant born at 26 weeks and weighing
1040 grams, who developed feeding intolerance 2-3 weeks
after monitoring. EGG results prior to feeding intolerance
show a lack of increase in the post-prandial power spectral
density (amplitude) at the 3 cycle per minute (c.p.m) fre-
quency of normal gastric slow wave. AC shows a lack of
increase between pre- and post-prandial amplitudes. NIRS
shows a decrease in A-rSO2 60 minutes after feeding.
[0014] FIG. 9: A) Pre-prandial (Pre) and post-prandial
(Post) EGG, AC, and NIRS results for A) a feeding-tolerant
participant born at 30%7 weeks and weighing 1370 grams.
EGG power spectra results show a significant post-prandial
increase in the power spectral density (amplitude) at the 3
cycle per minute (c.p.m) frequency of normal gastric slow
wave. AC heat maps show an increase in the post-prandial
amplitudes (warmer colors) for the feeding-tolerant baby.
NIRS shows an increase in A-rSO2 at 60 minutes after
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feeding. B) A participant born at 30%7 weeks and weighting
1393 grams, who developed feeding intolerance 2-3 weeks
after monitoring. EGG results prior to feeding intolerance
show a lack of increase in the post-prandial power spectral
density (amplitude) at the 3 cycle per minute (c.p.m) fre-
quency of normal gastric slow wave. AC shows a lack of
increase between pre- and post-prandial amplitudes. NIRS
shows a decrease in A-rSO2 60 minutes after feeding.

DETAILED DESCRIPTION

[0015] Disclosed herein are various embodiments of
methods and systems related to diagnosis of feeding intol-
erance conditions or the diagnosis of normal physiological
gastrointestinal states (e.g. assessment of the digestion func-
tion or monitoring level of feeding readiness). For the
purposes of promoting an understanding of the principles
and operation of the invention, reference will now be made
to the embodiments illustrated in the drawings and specific
language will be used to describe the same. It will never-
theless be understood that no limitation of the scope of the
invention is thereby intended, such alterations and further
modifications in the illustrated device, and such further
applications of the principles of the invention as illustrated
therein being contemplated as would normally occur to
those skilled in the art to which the invention pertains.

[0016] Itis to be noted that the terms “first,” “second,” and
the like as used herein do not denote any order, quantity, or
importance, but rather are used to distinguish one element
from another. The terms “a” and “an” do not denote a
limitation of quantity, but rather denote the presence of at
least one of the referenced item.

[0017] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting. As used herein, the singular forms “a,” “an,”
and “the” are intended to include the plural forms as well,
unless the context clearly indicates otherwise these terms do
not denote a limitation of quantity, but rather denote the
presence of at least one of the referenced item. Furthermore,
to the extent that the terms “including,” “includes,” “hav-
ing,” “has,” “with,” or variants thereof are used in either the
detailed description and/or the claims, such terms are
intended to be inclusive in a manner similar to the term
“comprising.”

[0018] The term “processor” or “processing module” may
include a single processing device or a plurality of process-
ing devices. Such a processing device may be a micropro-
cessor, micro-controller, digital signal processor, microcom-
puter, central processing unit, field programmable gate array,
programmable logic device, state machine, logic circuitry,
analog circuitry, digital circuitry, and/or any device that
manipulates signals (analog and/or digital) based on opera-
tional instructions. The processing module may have opera-
tionally coupled thereto, or integrated therewith, a memory
component. The memory component may be a single
memory component or a plurality of memory components.
Such a memory component may be a read-only memory
(ROM), random access memory (RAM), volatile memory,
non-volatile memory, static memory, dynamic memory,
flash memory, an erasable programmable read-only memory
(EPROM or Flash memory), an optical fiber, and a portable
compact disc read-only memory (CD-ROM), a CD ROM, a
DVD (digital video disk), and/or any other electronic device
that stores digital information.
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[0019] A “computer” or “computer unit”, as used herein,
is intended to include at least one device that comprises at
least one processing module (e.g. processor). In a typical
embodiment, a computer unit includes at least one process-
ing module, a memory component, and circuitry connecting
the at least one processing module and said memory com-
ponent in a housing. Optionally, the computer unit includes
a computer readable medium and circuitry connecting the
processing module and computer readable medium. A com-
puter unit is also intended to include two or more computer
units hardwired together.

[0020] The computer-usable or computer-readable
medium may be or include, for example, but not limited to,
an electronic, magnetic, optical, electromagnetic, infrared,
or semiconductor system, apparatus, device, or propagation
medium. More specific examples (a non-exhaustive list) of
the computer-readable medium would include the follow-
ing: an electrical connection having one or more wires, a
portable computer diskette, a random access memory
(RAM), a read-only memory (ROM), an erasable program-
mable read-only memory (EPROM or Flash memory), an
optical fiber, and a portable compact disc read-only memory
(CD-ROM), a CD ROM, a DVD (digital video disk), or
other electronic storage medium.

[0021] The term “communicatingly connected” means
that one-way or two-way conveyance or communication of
information. Typically, information is electronic information
that is conveyed through a wired connection or transmitted
wirelessly. Two different computer units may be communi-
catingly connected, a computer unit and a peripheral device
(e.g. printer) and/or components of a computer unit may be
communicatingly connected (e.g., a processing module may
be communicatingly connected to memory component.
Communicatingly connected may also include conveyance
of information via a network (e.g. internet) to a remote
computer. Conveyance of information may include transfer-
ence of an electronic record, such as transfer of an email or
email attachment or transfer of a file via a network. Con-
veyance of information may include transference of a fac-
simile file to a facsimile computer unit.

[0022] Computer program code for carrying out opera-
tions of certain embodiments of the present invention may
be written in an object oriented and/or conventional proce-
dural programming languages including, but not limited to,
Java, Smalltalk, Perl, Python, Ruby, Lisp, PHP, “C”, FOR-
TRAN, or C++. The program code may execute entirely on
the user’s computer, partly on the user’s computer, as a
stand-alone software package, partly on the user’s computer
and partly on a remote computer or entirely on the remote
computer. In the latter scenario, the remote computer may be
connected to the user’s computer through a local area
network (LAN) or a wide area network (WAN), or the
connection may be made to an external computer (for
example, through the Internet using an Internet Service
Provider).

[0023] Certain embodiments of the present invention are
described herein with reference to flowchart illustrations
and/or block diagrams of methods, apparatus (systems) and
computer program products according to embodiments of
the invention. It will be understood that each block of the
flowchart illustrations and/or block diagrams, and combina-
tions of blocks in the flowchart illustrations and/or block
diagrams, can be implemented by computer-readable pro-
gram code modules. These program code modules may be
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provided to a processing module of a general purpose
computet, special purpose computer, embedded processor or
other programmable data processing apparatus to produce a
machine, such that the program code modules, which
execute via the processing module of the computer or other
programmable data processing apparatus, create means for
implementing the functions specified in the flowchart and/or
block diagram block or blocks.

[0024] These computer program code modules may also
be stored in a computer-readable memory that can direct a
computer or other programmable data processing apparatus
to function in a particular manner, such that the program
code modules stored in the computer-readable memory
produce an article of manufacture.

[0025] The computer program code modules may also be
loaded onto a computer or other programmable data pro-
cessing apparatus to cause a series of operational steps to be
performed on the computer or other programmable appara-
tus to produce a computer implemented process such that the
instructions which execute on the computer or other pro-
grammable apparatus provide steps for implementing the
functions specified in the flowchart and/or block diagram
block or blocks.

[0026] It should be noted that the terms “may,” “might,”
“can,” and “could” are non-limiting terms used to indicate
that the described term may include alternatives and optional
features.

[0027] It should be noted that, unless otherwise specified,
the term “or” is used in its nonexclusive form (e.g. “A or B”
includes A, B, A and B, or any combination thereof, but it
would not have to include all of these possibilities). It should
be noted that, unless otherwise specified, “and/or” is used
similarly (e.g. “A and/or B” includes A or B or A and B, or
any combination thereof, but it would not have to include all
of these possibilities). It should be noted that, unless other-
wise specified, the term “includes” means “comprises” (e.g.
a device that includes or comprises A and B contains A and
B but optionally may contain C or additional components
other than A and B). It should be noted that, unless otherwise
specified, the singular forms “a,” ““an,” and “the” refer to one
or more than one, unless the context clearly dictates other-
wise.

[0028] It has been discovered that there is currently no
objective method available on the bed-side that evaluates
feeding readiness and digestive condition, particularly for
premature and/or VLBW infants. Therefore, the inventors
have discovered for non-invasive and safe technological
evaluation herein, a method of neonatal gastrointestinal
motility monitoring. Measurements can be made simultane-
ously using near infrared spectroscopy (NIRS), electrogas-
trography (EGG), and bowel sounds monitors, or in other
embodiments, by a combination of at least two of methods.
Thoughtful synergistic integration of these methods is likely
to serve as a useful tool for the clinicians to safely determine
digestive conditions and feeding readiness in these vulner-
able infants.

[0029] Electrogastrography is a technology for measuring
the voltage, waveform and frequency of the electrical activ-
ity from stomach wall muscles. Electrogastrogram (EGG)
electrodes can record gastric or intestinal muscle activity at
abdominal skin. A EGG is the least invasive methodology,
making it widely used in medicine and research, for
example, to aid in the diagnosis of digestion disorders such
as feeding intolerance, recurrent nausea, vomiting, stomach

Nov. 24,2016

trauma, digestion system infections, stomach tumors, degen-
erative disorders of the stomach, assessment of digestion
disorders, and monitoring of stomach function during feed-
ing through the recording gastric muscle electrical activity
and interpretation of the spatial-temporal patterns of that
activity. By analyzing the EGG data over a period of time,
digestion states can be identified and persistent disturbances
of stomach function can be detected.

[0030] Quantitative analysis of bowel sounds may help
provide objective interpretation of the acoustical activities of
the intestine associated with motility. Near Infrared Spec-
troscopy (NIRS) can be used to measure regional tissue
oxygenation for a continuous period of time. The inventors
have discovered that analyzing EGG, bowel sound, and
NIRS signals together reveals the pattern and dynamics of
the digestion state as the premature neonate goes through
various physiological and development states. Additionally,
with the inventive methods and techniques developed
herein, a critical destruction of digestion function, such as
necrotizing enterocolitis can be detected.

[0031] Necrotizing enterocolitis (NEC) is the death of
intestinal tissue which most often affects premature or sick
babies. This condition occurs when the lining of the intes-
tinal wall dies and the tissue falls off. NEC is a significant
cause of destruction of digestive function in premature
newborns.

[0032] Provided in embodiments herein are systems and
methods for reliably obtaining and evaluating recorded GI
signals in real time by algorithms and providing an indica-
tion of the digestion condition of a subject. The term
“digestion condition” as used herein may include a normal
(healthy) or abnormal condition of the digestion system of a
subject. Furthermore, the digestion condition may include
the feeding readiness or non-readiness of a subject.

[0033] As used herein, the terms “subject” and “patient”
are used interchangeably. As used herein, the term “subject”
refers to an animal, preferably a mammal such as a non-
primate (e.g., cows, pigs, horses, cats, dogs, rats etc.) and a
primate (e.g., monkey and human), and most preferably a
human, in most cases a very low birth-weight infant
(VLBW) or a neonate.

[0034] The acquired data may be evaluated in real time
and/or may be stored for subsequent evaluation. The system
allows EGG, bowel sound and NIRS data to be recorded and
evaluated in cases when no technical personnel are readily
available, allowing its use as a diagnostic screening or
monitoring tool to assist care-givers when trained physicians
are unavailable. The original data may also be stored for
subsequent visual analysis and interpretation and/or may be
transmitted to remote sites for review and interpretation by
experts.

[0035] EGG, bowel sound and NIRS data can be recorded
with small, portable, inexpensive instruments that do not
require special shielded facilities or the subject remaining
motionless for long periods of time. Thus, for example, an
EGG can be utilized in noisy point-of-care environments,
such as emergency rooms (ERs) and neonate intensive care
units (NICUs) and with subjects who may be uncooperative.
Portable recording units can also be utilized in emergency
vehicles and in the field. The system described herein in one
embodiment may be used for, but is not limited to, digestion
assessment such as, e.g., regions of transient disturbance,
ischemic events, and chronic inflammation. Acute and sub-
acute inflammation include such disorders as those due to
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traumatic stomach injuries, toxic response (e.g. drug or
alcohol toxicity), metabolic disorders (e.g. hypoglycemia,
hyperglycemia, ketoacidosis, renal failure, hepatic failure,
hypoxia, hypercapnea), acute or subacute infections of the
digestion system, transient ischemic attacks, and autoim-
mune disorders affecting the digestion system. It may also be
used for detecting mild disturbances of digestion function
including, e.g., feeding intolerance, which may be difficult to
detect reliabley and accurately using standard clinical
examinations or test procedures. Information obtained
through the system 100 may be used to refine the differential
diagnosis, formulate further workup (e.g. imaging proce-
dures) and treatment, and for purposes of triage and referral
to appropriate facilities and specialists.

[0036] Thus in one embodiment, a method for a digestion
diagnosis of a subject is provided. The method includes
obtaining electrogastrogram (EGG), bowel sound and NIRS
signals from one or more sensors positioned about an
abdominal region of a subject, removing artifacts from the
signals to obtain conditioned signal data, and determining a
digestion condition or feeding readiness of the subject based
at least in part on the conditioned signal data.

[0037] In a further embodiment, the method may include
determining gastrointestinal (GI) signal features from the
conditioned GI signal data, wherein the digestion condition
is base at least in part upon the GI signal features.

[0038] In one particular embodiment, the artifacts include
movement artifacts, recording environment-related artifacts,
and sensor-related artifacts, or a combination thereof. In
another embodiment, determining the digestion condition of
the subject comprises identifying an abnormal digestion
condition, determining a location of an abnormal condition,
and determining a severity of an abnormal condition, or a
combination thereof.

[0039] In another embodiment, a system for cerebral diag-
nosis is provided. The system includes a signal recording
module configured to acquire GI signals from one or more
sensors positioned about an abdominal region of a subject,
a signal conditioning module configured to condition GI
signal data from the one or more GI signals, a signal analysis
module configured to determine at least one feature of a GI
signal based at least in part on the conditioned GI signal
data, and a condition classification module configured to
determine a digestion condition of the subject based at least
in part on the at least one determined feature.

[0040] In a further embodiment, the system includes a
sensor application module configured to verify a recording
condition of the one or more sensors based upon predefined
sensor criteria. In yet a further embodiment, the signal
conditioning module is configured to remove, from the GI
signal data, artifacts associated with movement of the sub-
ject.

[0041] In another embodiment, the signal analysis module
is configured to generate a cerebral network model based at
least in part upon the conditioned GI signal data. In a further
embodiment, the condition classification module is config-
ured to identify a location and a severity of an abnormal
digestion condition. In some instances, the abnormal diges-
tion condition includes bowel ischemia or NEC. In another
embodiment, a method for digestion diagnosis is provided.
The method includes positioning one or more electrogastro-
gram (EGG) electrodes, bowel sound stethoscopes and/or
near-inferred spectroscopy (NIRS) sensors about an abdomi-
nal region of a subject. The method further includes deter-
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mining with a processor a recording condition for each of the
one or more sensors based upon predefined sensor criteria,
wherein when an acceptable recording condition is identi-
fied, one or more signals are obtained from the one or more
sensors, and wherein when an unacceptable recording con-
dition is identified, an indication of the sensor corresponding
to the unacceptable recording condition is provided. In
another embodiment, the method further includes wherein
following an indication of the sensor corresponding to the
unacceptable recording condition, a communication to a
user for correction of the unacceptable recording condition
is provided.

[0042] In yet another embodiment, the method further
includes amplification and filtering of the one or more
obtained GI signals. In still a further embodiment, the
method includes sampling the one or more obtained GI
signals to obtain digital CI data.

[0043] In another embodiment the digital GI data is stored
in memory. In yet another embodiment a backup of the
digital GI data is provided by a computer unit or a server, or
a combination thereof.

[0044] Turning to the drawings, FIGS. 1 and 2 provide a
block diagram and a flow diagram, respectively, illustrating
an embodiment of a system 100 for evaluating a digestion
condition of a subject. Reference to “nodes” herein refers to
an operation step of a module of the system. In the embodi-
ment of FIG. 1, the system 100 includes an sensor applica-
tion module 103, a GI signal recording module 106, a signal
conditioning module 109, a signal analysis module 112, and
a condition classification module 115. The system 100 may
contain an interactive display which may provide, e.g.,
step-by-step instructions on electrode placement, establish-
ing connections, preparing the subject and initiating the
recording, etc. The system 100 allows for rapid acquisition
and analysis of signals, measurement of the temporal char-
acteristics of the EGG, bowel sound and NIRS signal,
analysis of local, regional, and diffuse signal characteristics,
determination of whether or not these characteristics are
normal or abnormal, and classification of abnormal record-
ings to reveal whether the abnormalities are acute or pet-
sistent. The results may be displayed as in a text, verbal,
and/or graphical format that may be available for immediate
use by emergency room personnel, intensive care personnel,
and emergency medical technicians.

[0045] Referring to FIG. 2, shown is a flowchart illustrat-
ing various functions that may be implemented by modules
of the system 100. After operation of the system has been
initiated (e.g., by turning on the device), an electrode
application procedure may be provided node 203 by the
electrode application module 103 for rendering on the
system display. The EGG, bowel sound and NIRS signals
provides direct information about stomach functions
through analysis of ongoing stomach activity. Depending on
the location and the type of the electrodes, signals can reveal
different levels of digestion activity. Numerous sensors may
be applied to a subject to obtain EEG data containing
information from stomach and intestine activity in both
temporal and spatial domains. The sensors can include
individual electrodes and/or an array of electrodes that are
positioned on the abdominal skin. Distinct landmarks are
often used, to infer the location of the subject’s stomach.
These landmarks are first identified, examples of such land-
marks known in the art the umbilicus or right mid-clavicle.
Sensors are thereafter placed at specific relative distances
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along the landmarks. The recording integrity and impedance
of the sensors are verified in node 206 to determine if there
is a problem with the placement and/or operation of the
sensors. If there is a problem, the problematic sensor may be
indicated in node 209 on the system display and the appro-
priate application procedure(s) may be provided in node
203. Guiding the operator through simple set-up and opet-
ating procedures to obtain a technically adequate recording
reduces evaluation errors.

[0046] If the sensor integrity and impedance is acceptable
in node 206, then EGG, bowel sound and NIRS signals are
obtained under specified conditions in node 212 by the
signal recording module 106. For example, EGG may be
obtained, e.g., when the subject is crying and/or moving, at
rest or during external stimulation (e.g. visual, somatic or
auditory stimulation) or under other specified conditions.
Instructions may be rendered for display on the system
display to prompt the specified condition (or action) in the
monitored subject. The acquired EGG, bowel sound and
NIRS signals are then processed in node 215. For example,
amplification and filtering may be applied to enhance the
signal-to-noise ratio (SNR) of the signals. Analog signals
from the sensors may also be digitized for communication
and storage of the information. In node 218, acceptability of
the recording quality of the data is confirmed. For example,
all channels of the processed signal may be analyzed for the
presence of excessive artifacts that may contaminate the
data. Criteria for acceptable signal quality may be predefined
to ensure acceptable sensor contact, electrode impedance,
and minimal interference by common artifacts. Common
artifacts filtered out of the signal may include noice in the
neonatal intensive care unit, baby movement, crying, heart-
rate, and breathing signals. If the signal quality is not
acceptable, then the system can return to node 206 to
recheck sensor integrity and electrode impedance. Common
technical problems that degrade the recording (e.g., excess
voluntary muscle artifacts) may also be determined in node
218. Instructions may be provided through the system dis-
play to guide the operator in methods to eliminate or
attenuate those artifacts before repeating the acquisition of
signals in node 212. Subsequent recorded data may be
re-evaluated and the operator notified of persistent prob-
lems, at which time the operator may attempt to obtain
further signals or may abort the procedure. If the data is
acceptable, the digitized data can be stored in data storage or
other memory devices in node 221. The stored data may be
transmitted through a wireless or wired network connection
(e.g., cellular, Bluetooth, Ethernet, etc.) for remote evalua-
tion, analysis, and/or confirmation.

[0047] The acceptable data is further processed and/or
filtered by the signal conditioning module 109 to remove
common recording artifacts as illustrated in FIG. 2B. These
artifacts are automatically detected, based upon, for
example, their frequency, waveform, and spatial and tem-
poral characteristics. For example, electromyogram (volun-
tary muscle movement) artifacts may be detected and
removed in node 227, and electrode related artifacts such as,
e.g., electromagnetic interference from nearby instruments
may be detected and removed in node 230. Other artifacts
such as, e.g.. 60 Hz line signals and signals produced by
mechanical ventilators and other instruments may also be
detected and removed from the EEG data by the signal
conditioning module 109. For example, epochs of data may
be examined sequentially for the presence of an artifact. If
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a segment contains an excessive artifact, it may then be
excluded from subsequent analysis. After the signal condi-
tioning module 109 identifies and discards the artifact-
contaminated segments, the remaining data is evaluated in
node 233 to ensure that a useable signal of sufficient duration
has been acquired and is available for analysis. An initial
interpretation may be generated based upon a brief recording
(e.g., 2 to 5 minutes). If the available data is not long enough
for reliable analysis, the system 100 will inform the operator
and return to node 212 to obtain additional data. If the
available data is long enough for analysis or evaluation, the
data is processed by the signal analysis module 112 to
extract features in node 236.

[0048] The system 100 may also provide an option to
continue recording to obtain routine EGG (typically around
three hours of recording) or for continued monitoring for
changes in stomach or intestine function, such as gastric
trauma, focal ischemia, and changes in digestion states. In
other implementations, the system 100 may be placed in a
monitoring mode in which epochs of the signals are ana-
lyzed as they are acquired to detect transient abnormalities
or state changes in the subject. In the monitoring mode, a
continuous or intermittent analysis may be provided graphi-
cally and/or a summary report may be provided intermit-
tently at specified intervals. For example, the interval
between reports can be a default interval (e.g., every 10
minutes) or can be an interval that is selected by the operator.

[0049] The extracted features of the EGG, bowel sound
and NIRS data from node 236 may be used to provide a
quantitative description of the spatiotemporal characteristics
of the signals, including local and regional characteristics.
The extracted features may be, e.g., linear, non-linear, uni-
variate, or bivariate statistics. The extracted features from
node 236 may be provided as inputs for forecasting in node
239 and for classification of the digestion condition in node
245 of the condition classification module 115. For example,
if the feature is univariate, such as entropy, each sensor will
have a feature time series.

[0050] Classification of the digestion condition in node
245 may be based, at least in part, upon comparison of
extracted features from nodes 236 and 242 by comparison
with established norms to determine if they indicate a
normal condition within normal limits or an abnormal
condition.

[0051] If the digestion condition is determined to be
abnormal, then the location of abnormal features (e.g. low
oxygenation, or no muscle contraction) and/or the severity
of the abnormality (e.g., mild, moderate, or severe) may be
identified in node 248. For example, the condition may be
identified as necrotizing enterocolitis. An indication of the
classification results may then be generated in node 251 for
rendering on the system display. A warning may be gener-
ated when an abnormal condition has been indicated.

[0052] A summary (or report) of findings may be provided
in several forms which may be selected by the user. For
example, a default condition may provide a report labeled as
normal or indicating the determined abnormal category
classification (e.g., mildly abnormal). Other graphical dis-
plays which provide maps of one or more individual signal
property may also be viewed. The results of the classifica-
tions may also be stored in node 251 for later access or
retrieval to further evaluation, interpretations, and valida-
tion.
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[0053] Referring to FIG. 3, shown is a flowchart illustrat-
ing examples of feature extraction and classification of the
flowchart of FIG. 2B. In FIG. 3, EGG, bowel sound and
NIRS data is received for signal feature extraction per node
236. Local properties may be determined from the data
including the univariate feature. Kaiser-Teager energy and
power in the signals may be computed for each sensor site.
[0054] Local energy and power properties may be deter-
mined for each channel for comparison to predetermined
normative values for each channel. Abnormality of Teager
energy and abnormalities for power would be expected to be
either higher or lower than the normative values. Abnor-
malities in the Teager energy to Power ratio would be
expected to be lower than norms. Norms may be derived
from EEG recordings obtained from a normal test group,
with appropriate age matching, or may be based upon
baseline recordings obtained in the same subject (in which
case, a change from baseline would be detected).

[0055] For each sensor channel, the following local prop-
erty values may be computed in node 303:

[0056] Kaiser-Teager energy (KTE). KTE may be cal-
culated for each electrode channel. This value can be
obtained for the entire recorded frequency range as well
as for each of the digestion muscle group signature
frequency bands (stomach: 3 cycle/minute, duodenum:
12 cycle/minute, ileum: 8 cycle/minute, in some cases
neonates may contract faster than adults). The value
may be compared to normal values (node 309). If the
values are outside of the normal range, the degree of
abnormality (e.g.. based on standard deviations (s.d.)
from the mean) for each electrode channel can be
determined. The location and degree of abnormality (1
s.d.zx<2 s.d., 2 5.d.=x<3 s.d, or x23 s.d.) can be stored
and used in the final evaluation and report.

[0057] Power. Standard power for the entire frequency
range may be computed for each EGG electrode as well
as bowel sound stethoscope and compared to normal
values for each respective channel. If the values are
outside of the normal range, the degree of abnormality
(based on standard deviations from the mean) for each
electrode channel can be determined. The location (left
cerebral hemisphere, right cerebral hemisphere or bilat-
eral) and degree of abnormality (1 s.d.=x<2 s.d., 2
s.d.=x<3 s.d, or x=3 s.d.) can be stored and used in the
final evaluation and report.

[0058] Relative ratios are generated for EGG and bowel
sound for entire frequency range (in a typical embodiment).
For EGG and bowel sound channel, the KTE to power ratio
may be calculated for the entire recorded frequency range as
well as for the standard EGG frequency bands is calculated
for each channel and compared to normal values. If the
values are outside of the normal range, the degree of
abnormality (based on standard deviations from the mean)
for each electrode channel can determined. The location
(stomach, duodenum or ileum) and degree of abnormality (1
s.d.zx<2 s.d., 2 5.d.2x<3 s.d, or x=3 s5.d.) can be stored and
used in the final evaluation and report.

[0059] The digestion condition can be classified in node
245 of FIG. 2 based upon comparison of values from nodes
309 of FIG. 3. After signals have been analyzed and results
stored, the EEG data may be classified, based on the
composite results from all, or a subset, of each individual
analysis. If all of these analyses are within acceptable range
of normal values, the recording may be classified as normal.
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[0060] Ifthere are abnormalities identified, the data will be
classified as abnormal and assigned to one of several abnor-
mal categories in node 248 of FIG. 2B. For example, the
abnormal categories may be defined as follows: (1) NEC, (2)
suspicious feeding intolerance, (3) mild digestion abnormal-
ity. Other digestion issues typically seen in neonates as
known in the art may provide additional abnormal catego-
ries. As discussed above, the degree of abnormality may be
based on standard deviations or other statistics from the
mean values for each sensor channel. In some cases, a
weighed combination of the standard deviations may be
used to indicate the degree of abnormality. The results of the
abnormality identification may be stored in a data store or
memory and may be used to generate an indication for the
operator of the system 100.

[0061] With reference to FIG. 4, shown is a schematic
block diagram of a processor system 400 in accordance with
various embodiments of the present disclosure. The proces-
sor system 400 includes at least one processor circuit, for
example, having a processor 403 and a memory 406, both of
which are coupled to a local interface 409. To this end, the
processor system 400 may comprise, for example, at least
one computer or like device. The local interface 409 may
comprise, for example, a data bus with an accompanying
address/control bus or other bus structure as can be appre-
ciated. In addition, the processor system 400 includes opera-
tor interface devices such as, e.g., a display device 412, a
keyboard 415, and/or a mouse 418. In some implementa-
tions, the operator interface device may be interactive dis-
play 421 (e.g., a touch screen) that provides various func-
tionality for operator interaction with the processor system
400. Various sensors such as, e.g., EEG electrodes 424 may
also interface with the processor system 400 to allow for
acquisition of EEG signals from a subject. In some embodi-
ments, the EEG electrodes 424 may be an array of electrodes
configured to be positioned about the subject’s head.
[0062] Stored in the memory 406 are both data and several
components that are executable by the processor 403. In
particular, stored in the memory 406 and executable by the
processor 403 are various application modules 427 such as,
e.g., an electrode application module 103, an EEG recording
module 106, a signal conditioning module 109, a signal
analysis module 112, and a condition classification module
115 of FIG. 1, and/or other applications. Also stored in the
memory 406 may be a data store 430 and other data. In
addition, an operating system 433 may be stored in the
memory 406 and executable by the processor 403.

[0063] It is understood that there may be other applica-
tions that are stored in the memory 406 and are executable
by the processor 403 as can be appreciated. Where any
component discussed herein is implemented in the form of
software, any one of a number of programming languages
may be employed such as, for example, C, C++, CH,
Objective C, Java®, JavaScript®, Perl, PHP, Visual Basic®,
Python®, Ruby, Delphi®, Flash®, or other programming
languages.

[0064] A number of software components are stored in the
memory 406 and are executable by the processor 403. In this
respect, the term “executable” means a program file that is
in a form that can ultimately be run by the processor 403.
Examples of executable programs may be, for example, a
compiled program that can be translated into machine code
in a format that can be loaded into a random access portion
of the memory 406 and run by the processor 403, source
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code that may be expressed in proper format such as object
code that is capable of being loaded into a random access
portion of the memory 406 and executed by the processor
403, or source code that may be interpreted by another
executable program to generate instructions in a random
access portion of the memory 406 to be executed by the
processor 403, etc. An executable program may be stored in
any portion or component of the memory 406 including, for
example, random access memory (RAM), read-only
memory (ROM), hard drive, solid-state drive, USB flash
drive, memory card, optical disc such as compact disc (CD)
or digital versatile disc (DVD), floppy disk, magnetic tape,
or other memory components.

[0065] The memory 406 is defined herein as including
both volatile and nonvolatile memory and data storage
components. Volatile components are those that do not retain
data values upon loss of power. Nonvolatile components are
those that retain data upon a loss of power. Thus, the
memory 406 may comprise, for example, random access
memory (RAM), read-only memory (ROM), hard disk
drives, solid-state drives, USB flash drives, memory cards
accessed via a memory card reader, floppy disks accessed
via an associated floppy disk drive, optical discs accessed
via an optical disc drive, magnetic tapes accessed via an
appropriate tape drive, and/or other memory components, or
a combination of any two or more of these memory com-
ponents. In addition, the RAM may comprise, for example,
static random access memory (SRAM), dynamic random
access memory (DRAM), or magnetic random access
memory (MRAM) and other such devices. The ROM may
comprise, for example, a programmable read-only memory
(PROM), an erasable programmable read-only memory
(EPROM), an electrically erasable programmable read-only
memory (EEPROM), or other like memory device.

[0066] Also, the processor 403 may represent multiple
processors 403 and the memory 406 may represent multiple
memories 406 that operate in parallel processing circuits,
respectively. In such a case, the local interface 409 may be
an appropriate network that facilitates communication
between any two of the multiple processors 403, between
any processor 403 and any of the memories 406, or between
any two of the memories 406, etc. The local interface 409
may comprise additional systems designed to coordinate this
communication, including, for example, performing load
balancing. The processor 403 may be of electrical or of some
other available construction.

[0067] Although the sensor application module 103, the
recording module 106, the signal conditioning module 109,
the signal analysis module 112, the condition classification
module 115, and other various systems described herein may
be embodied in software or code executed by general
purpose hardware as discussed above, as an alternative the
same may also be embodied in dedicated hardware or a
combination of software/general purpose hardware and
dedicated hardware. If embodied in dedicated hardware,
each can be implemented as a circuit or state machine that
employs any one of or a combination of a number of
technologies. These technologies may include, but are not
limited to, discrete logic circuits having logic gates for
implementing various logic functions upon an application of
one or more data signals, application specific integrated
circuits having appropriate logic gates, or other components,
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etc. Such technologies are generally well known by those
skilled in the art and, consequently, are not described in
detail herein.

[0068] Although the flowcharts of FIGS. 2A-2B and 3
show a specific order of execution, it is understood that the
order of execution may differ from that which is depicted.
For example, the order of execution of two or more blocks
may be scrambled relative to the order shown. Also, two or
more blocks shown in succession in FIGS. 2A-2B may be
executed concurrently or with partial concurrence. Further,
in some embodiments, one or more of the blocks shown in
FIGS. 2A-2B may be skipped or omitted. In addition, any
number of counters, state variables, warning semaphores, or
messages might be added to the logical flow described
herein, for purposes of enhanced utility, accounting, perfor-
mance measurement, or providing troubleshooting aids, etc.
It is understood that all such variations are within the scope
of the present disclosure.

[0069] Also, any logic or application described herein,
including the sensor application module 103, the recording
module 106, the signal conditioning module 109, the signal
analysis module 112, the condition classification module
115, and/or application(s), that comprises software or code
can be embodied in any non-transitory computer-readable
medium for use by or in connection with an instruction
execution system such as, for example, a processor 403 in a
computer system or other system. In this sense, the logic
may comprise, for example, statements including instruc-
tions and declarations that can be fetched from the com-
puter-readable medium and executed by the instruction
execution system. In the context of the present disclosure, a
“computer-readable medium” can be any medium that can
contain, store, or maintain the logic or application described
herein for use by or in connection with the instruction
execution system. The computer-readable medium can com-
prise any one of many physical media such as, for example,
magnetic, optical, or semiconductor media. More specific
examples of a suitable computer-readable medium would
include, but are not limited to, magnetic tapes, magnetic
floppy diskettes, magnetic hard drives, memory cards, solid-
state drives, USB flash drives, or optical discs. Also, the
computer-readable medium may be a random access
memory (RAM) including, for example, static random
access memory (SRAM) and dynamic random access
memory (DRAM), or magnetic random access memory
(MRAM). In addition, the computer-readable medium may
be a read-only memory (ROM), a programmable read-only
memory (PROM), an erasable programmable read-only
memory (EPROM), an electrically erasable programmable
read-only memory (EEPROM), or other type of memory
device.

[0070] Turning to FIG. 5, shown is a baby model 501 to
illustrate placement of NIRS sensor (502), acoustic sensor
(503) and EGG sensor (504).

EXAMPLES

Ref Nos in Parentheses

[0071] Background

[0072] Very low birth weight (VLBW) premature neo-
nates who are able to be fed enterally have decreased
morbidity and mortality.(1) Enteral feeding significantly
benefits their overall development (brain, lung, eyes, skin,
immune system, etc). However, initiation and advancement
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of enteral feedings in VLBW newborns is a challenge. Close
to eighty percent of these babies will develop some type of
feeding intolerance, presenting as any combination of the
following: abdominal distension, abdominal tenderness,
abdominal discoloration, visible bowel loops, abnormal
stool patterns, bilious residuals or vomiting. A very small
percentage of these babies will have necrotizing enterocoli-
tis (NEC). The fear of NEC, which is associated with rapid
advancement of feeds, contributes to slow advancement of
feedings, leading to prolonged intravenous nutrition that
offers complications, such as cholestasis, infection, and
increased hospital stay and costs.

[0073] The ability to identify babies who can be safely fed
from those who cannot will be a major breakthrough in
neonatal medicine. Currently, decisions to feed these babies
are based on subjective clinical indicators such as clinical
appearance, measurement of gastric residuals and abdominal
circumference. This leads to either aggressively feeding
babies who are not vet ready and are at high risk for
developing NEC, or to underfeeding babies who then
develop growth failure, bowel atrophy, increased inflamma-
tory responses, and sepsis. More objective measures of
feeding tolerance are needed.

[0074] Currently used technologies to evaluate the gastro-
intestinal tract include radiography, ultrasound, nuclear
scans, and manometry. All are suboptimal for the purpose of
assessing feeding intolerance. For a baby to achieve enteral
feedings safely, with minimal delays, feeding intolerance
should be assessed accurately using bedside, non-invasive
technology. Currently, no single method fulfills these crite-
ria. However, it has been discovered that the simultaneous
use of electrogastrography (EGG), electronic bowel sound/
acoustic (AC) monitoring, and near-infrared spectroscopy
(NIRS), have strong potential.

[0075] EGG measures gastrointestinal myoelectrical
activities, non-invasively, using electrodes that are placed on
the abdominal skin. EGG can provide information about a
delay in gastric emptying associated with abnormal slow-
wave patterns or post-prandial patterns. Because EGG is
non-invasive and does not disturb ongoing physiologic
activities, it is an attractive choice for studying infant
gastrointestinal electrophysiology and motility. Bowel
sounds are a result of vibration waves caused by contrac-
tions of the gut walls propelling intraluminal liquid and gas.
Quantitative analysis of bowel sounds may help provide an
objective interpretation of the acoustical activities of the
intestine associated with motility. NIRS measures regional
tissue oxygenation continuously at the bedside. Routine
measurement of splanchnic circulation may identify infants
at risk for disease and contribute to prevention. The com-
bination of all three technologies would provide in-depth
information on gut function that would assist clinicians in
the initiation and advancement of enteral feedings.

[0076] EGG, AC, and NIRS, when used simultaneously,
show promise as a clinical tool for the safe advancement of
enteral feedings. Our purpose is to evaluate the simultaneous
use of these three technologies to demonstrate feeding
readiness patterns that can be readily applied to enhance
enteral feeding and decrease morbidity in VLBW infants.

[0077] Methods
[0078] Participants
[0079] Thirty-three babies (23-32 week, mean 28 weeks,

17 female) in the neonatal intensive care unit at UF Health
Shands Children’s Hospital were enrolled in the study after
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parental permission. This study was approved by the Insti-
tutional Review Board at the University of Florida. Partici-
pants were premature newborns with birth weights less than
1500 grams, who were less than 4 weeks old and were
receiving enteral tube feedings. Babies were excluded if they
had any congenital or chromosomal disorders, major skin
abnormalities, and faults in the skin integrity that preclude
placement of skin sensors. Also excluded were newborns
with questionable viability due to severe complications.
Clinical outcomes were followed up until subjects were
discharged.

[0080] Apparatus

[0081] EGG, AC, and NIRS were used simultaneously to
detect patterns of gastrointestinal function.

[0082] Electrogastrography (EGG):

[0083] 3M Red Dot™ neonatal ECG electrodes were
applied to the babies’ abdominal skin as described and
validated in Chen et al. 1999 and other studies.(2-6) Because
of the small abdominal size of our patient population, we
limited our setup to 3 electrodes (FIG. 7). The positive
(black) electrode was placed midway between the umbilicus
and xyphoid process. The negative (white) electrode was
placed on the left upper quadrant, at the level of the
mid-clavicular line, slightly above the level of the positive
electrode. The ground (green) electrode was placed below
the left costal margin, at the mid-axillary line, horizontal to
the positive electrode, forming an equidistant triangle with
the positive and negative electrodes. The electrodes were
connected to the BIOPAC® MP36 System acquisition unit.
The baby’s legs were positioned 45 degrees with respect to
the trunk.

[0084] Bowel Sound/Acoustic (AC) Monitoring

[0085] An electronic stethoscope (BIOPAC® SS17L
microphone) was positioned to the left of the umbilicus and
secured with 3M™ Double-Stick Disks. The electronic
stethoscope was then connected to the BIOPAC® MP36
System acquisition unit.

[0086] Near-Infrared Spectroscopy (NIRS):

[0087] A neonatal OxyAlert® NIRSensor was placed to
the right of the umbilicus and another on the baby’s fore-
head. The sensors were connected to the INVOS System for
processing. The cerebral sensor was used to check off
irrelevant abdominal NIRS events and to calculate the
cerebro-splanchnic oxygenation ratio (CSOR). (7, 8) The
INVOS System and the participants’ cardiorespiratory
monitor were interfaced with the Vital Sync™ 5000 System
for comparison on the same display and on the same time
line.

[0088] Procedure

[0089] Because most babies in the NICU are on a 3-hour
feeding schedule, measurements were obtained for 3 hours,
i.e. 30-minute pre-prandial period and the entire post-pran-
dial period that followed the enteral tube feeding. Record-
ings were repeated 3 times per infant as follows: 1) During
the first week of starting enteral feeds at <50% of enteral
goal feedings (10-40 ml/kg/day); 2) at 50-99% of goal
feedings (41-129 ml/kg/day); and 3) at =100% of goal
feedings (2130 mL/kg/day). The initiation and advancement
of enteral feedings were at the discretion of the on-service
neonatologist.

[0090] No clinical decisions were made based on the
results of the proposed technological measurement, because
these have not been used previously for the purpose of
evaluating enteral feeding capability. In this study, we were
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anticipating to measure gastric emptying responses induced
by gastrointestinal myoelectrical and mechanoacoustic
activities (via EGG and AC), and to measure oxygen balance
in mesenteric tissues (via NIRS). If the research team were
to notice an obvious finding that would be of benefit to the
participant, the neonatologist would be informed. Data were
collected and analyzed for feeding baselines, feeding
advancements, and full feedings.

[0091] Data Processing

[0092] EGG: A Butterworth filter in a bandpass configu-
ration was used to eliminate artifacts (only allowing 1 cpm
to 16 cpm signals to pass). Because motion artifacts have a
frequency greater than 16 cpm, these were filtered out. (9)
Signal analyses were performed with Fast Fourier transfor-
mation (FFT) and spectral analysis to obtain measures of
gastrointestinal function (EGG dominant frequency/power,
percentage of normal gastric slow waves).(10, 11)

[0093] AC: An 80 Hz analog high-pass filter was used to
suppress signals of cardiovascular origin. Measurements of
sound amplitude, sound duration, number of sounds, and
intervals between sounds were be obtained. Three-minute
bins were used to calculate the sound index (SI) as the sum
of absolute signal amplitutes (expressed in volts/minute) as
described in previous bowel sound studies.(12, 13)

[0094] NIRS: Gross mean regional saturations were cal-
culated for every subject’s 3-hour testing period. Mean
regional saturations were also calculated for each subject’s
pre-feeding and post feeding periods. The post-prandial
period was divided into 10-minute intervals and each inter-
val’s mean regional saturation was compared with its
respective pre-prandial mean regional saturation. Abdomi-
nal mean regional saturations were compared with cerebral
mean regional saturations to check off irrelevant abdominal
NIRS events and to calculate the cerebro-splanchnic oxy-
genation ratio (CSOR).(7, 8)

[0095] Statistical Analyses

[0096] Data were analyzed using an independent samples
Mann-Whitney U Test to compare gastrointestinal function
variables at each feeding milestone between the subject
group <29 weeks gestation vs, the =29 weeks gestation
group and to compare gastrointestinal function variables at
each feeding milestone between the subject group that
tolerated feeds vs, the subject group that developed feeding
intolerance.

[0097] Results

[0098] Participants (n=33) were enrolled if they were born
less than 34 weeks of gestation (mean 28 weeks) and less
than or equal to 1500 grams (mean 1073.7 grams). 11
developed feeding intolerance during the course of their
admission in the neonatal intensive care unit (Table 1). Of
those who developed feeding intolerance, four had NEC.

TABLE 1

Participant Characteristics

Subjects w/ Subjects w/
Total Feeding Feeding

Subjects Intolerance Tolerance
N 33 11 22
Gender (F/M) 19/14 56 14/8
GA (wks)
Mean + SD 28+24 27 £3.1 284 2.1
(range) (23-32 1/7) (23-32 /7) (23 5/7-30 5/7)
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TABLE 1-continued

Participant Characteristics

Subjects w/ Subjects w/

Total Feeding Feeding

Subjects Intolerance Tolerance
GA distribution
<29 wks GA 16 8 8
=29 wks GA 17 3 14
Birth weight (g)
Mean + SD 1073.7 = 289.1 088.2 £ 3153 11104 =277
(range) (545-1466) (545-1392) (650-1466)
[0099] Babies who tolerated feeds had EGG and AC

post-prandial frequency spectra with significantly higher
amplitudes than the pre-feeding frequency spectra (FIGS.
8A and 9A). Babies who developed feeding intolerance did
not show this increase in amplitude (FIGS. 8B and 9B).

[0100] Compared to their NIRS pre-prandial baseline,
babies who showed a post-prandial increase in abdominal
regional saturation (A-rSO2) did not develop feeding intol-
erance (FIG. 6). However, for 75% of babies less than 30
weeks and 50% of babies born after 30 weeks, results show
a significant post-prandial decrease in A-rSO2 (FIG. 7). This
decrease in A-rSO2 is seen approximately 60 minutes after
a feeding event. Participants who developed feeding intol-
erance had the greatest decrease in A-rSO2 after feeding
than other participants with matched corrected gestational

ages.
[0101] Discussion
[0102] Currently used technologies to evaluate the gastro-

intestinal tract include radiography, ultrasound, nuclear
scans and manometry. But all are suboptimal for the evalu-
ation of feeding intolerance. Plain radiography is the stan-
dard of care to rule-out life-threatening conditions like NEC,
bowel perforation, and bowel obstruction. However, it pro-
vides very limited information about gut motility and feed-
ing readiness and provides only a snapshot of a single time
point. Nuclear medicine studies can be used for motility
evaluation; however, these are limited by poor image reso-
lution, complex interpretation, practical difficulty of moving
critically-ill patients to the testing site, and high levels of
radiation exposure. Abdominal ultrasonography is able to
detect intraabdominal fluid, bowel wall thickness, and bowel
wall perfusion, providing information about gut motility and
intestinal transit. However, ultrasonography requires state-
of-the-art equipment and an experienced sonographer who
masters the meticulous technique. Intraluminal manometry
can be used to evaluate gut motility that can be useful in
evaluating enteral feeding intolerance in preterm babies.
However, its routine use is limited in premature babies
because of its invasive nature. The simultaneous use of
non-invasive technologies such as EGG, AC, and NIRS
provides for the first time objective measures that will aid
clinicians in the safe advancement of enteral feedings in
VLBW neonates.

[0103] EGG measures gastrointestinal myoelectrical
activities non-invasively using electrodes that are placed on
the abdominal skin. Specifically, EGG can detect slow-wave
activities of the stomach.(10) The cutaneous EGG slow-
wave measurement is correlated with serosal EGG slow
wave.(14) Single-channel EGGs can be used to measure
gastric slow waves and relative contractile activities. How-
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ever, to study the propagation of gastric slow waves and
electrical coupling, a multichanned EGG is needed.(15)

[0104] In adults, EGG has been used to provide informa-
tion about a delay in gastric emptying associated with
abnormal slow-wave patterns or post-prandial patterns in
diabetic gastroparesis, reflux disease, functional dyspepsia,
and intestinal pseudo-obstruction. It has been determined
that EGG is an attractive choice for studying infant gastro-
intestinal electrophysiology and motility Because EGG is
non-invasive and does not disturb ongoing physiologic
activities.

[0105] In newborns, FGG has been used to study the
postnatal maturation effects on myoelectrical activities.(16-
18) A normal response to feeding involves an increase in the
amplitude of the gastric slow waves (at 2-4 c.p.m). (9, 11,
19, 20) Participants of the present study who were feeding-
tolerant showed the same expected response. However,
babies who eventually developed feeding intolerance
showed an inability to increase the amplitude during the
post-prandial period. Few studies have used EGG in the
context of feeding intolerance. Zhang et al. showed that
preterm infants had similar rhythmicity of gastric slow
waves, but reduced amplitude compared to term infants.
Although this may blame prematurity for the pattern seen
with these babies it does not explain why it has been
observed that they develop feeding intolerance. In addition,
for these preterm infants in the study by Zhang et al,
different methods of feeding (breastmilk vs. formula)
showed minimal difference in the postprandial power at the
dominant frequency of the EGG signal.(21) Riezzo and
colleagues found that term babies who were breastfed had
more adult-like fasting slow-wave activities than formula-
fed term babies at 6 months of age.(22) In a different study,
Riezzo and colleagues found no difference in myoelectrical
activity in preterm infants who were fed hydrolysate vs.
standard formula.(23) Other studies have used EGG to show
that standard formulas supplemented with probiotics or
probiotics may mimic breast milk from a functional stand-
point, improving gastric motility in preterm babies.(24-26)
[0106] Bowel sounds are a result of vibration waves
caused by contractions of the gut walls propelling intralu-
minal liquid and gas. Computerized bowel sound analysis is
based on traditional abdominal auscultation, a component of
routine physical examination. Qualitative characteristics of
bowel sounds are bursts of GI acoustical activities, such as
pops or clicks (associated with intestinal mixing) and rushes
(associated with peristalsis). Quantitative analysis of bowel
sounds may help provide an objective interpretation of the
acoustical activities of the intestine associated with motility.

[0107] In adults, computerized bowel sound analysis has
been used to investigate intestinal obstruction, acute abdo-
men, irritable bowel syndrome, small-volume ascites, and
delayed gastric emptying. (27-31) However, very research
has been conducted on computerized bowel sound analysis.

[0108] In the present study, when comparing the fre-
quency spectra and power (amplitude) before and after
feeding, babies who are feeding tolerant show an increase in
both. This suggests an increase in bowel motility and
peristalsis after feeding. In contrast babies who develop
feeding intolerance do not show an increase in the frequency
spectra and amplitude, suggesting a lack of normal increase
in bowel motility and peristalsis after feeding. These AC
results nicely match our EGG results indicating that the
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increase electrical activity seen by EGG can be associated
with increased motility, as evidenced by AC.

[0109] Tomomasa and colleagues found that infants with
pyloric stenosis had a gastrointestinal sound index that was
significantly lower than that in healthy control infants. (32)
The sound indices of the infants with pyloric stenosis began
to increase 12 hours after surgery and reached the normal
range by 48 hours. A relative scarcity of research exists in
computerized bowel sound analysis even though it is non-
invasive and a natural advancement of traditional bowel
auscultation.

[0110] Near-infrared spectroscopy (NIRS) measures
regional tissue oxygenation continuously at the bedside. In
newborns, it has been used to evaluate cerebral circulation
and the changes of cerebral oxyhemoglobin during treatment
for respiratory distress and cardiac disease. NIRS monitor-
ing equipment has also been applied to other body parts such
as the flank and abdomen. Routine measurement of splanch-
nic circulation may identify infants at risk for disease and
contribute to prevention.

[0111] In the first month of life, newborn infants may
experience significant basal changes in intestinal vascular
resistance.(33) An abdominal NIRS study of premature
babies showed maturational changes of physiologic oxygen
balance. For the first three postnatal weeks, there was an
increase in the abdominal baseline of the regional oxygen
saturation (from 32% to 66%) in stable preterm infants of
(29-34) weeks gestation. (34)

[0112] In a study by Dave et al., NIRS was used to
investigate the postprandial changes of mesenteric oxygen-
ation due to feeding. (7) For the preterm infants between
32-35% weeks who were stable and tolerating orogastric
feeds, A-rSO2 increased significantly 1 hour after feeding.
In contrast, the present study showed that most of the
participants did not show an increase, but a decrease in
A-rSO2, 1-hour after feeding. This finding was seen more
commonly in the most premature group of participants <29
weeks regardless of feeding tolerance outcomes. It is impor-
tant to highlight that Dave et al. 2009 did not study subjects
less than 32 weeks; therefore, the results may reflect a
post-prandial “physiologic nadir” that may be specific to a
more premature cohort. Of note, the present results show
that participants who did show a post-prandial increase in
A-rSO2, consistent with the results described in Dave et al.
2009, were feeding-tolerant. This finding may be predictive
of a baby who may tolerate feeds whereas a decrease in
post-prandial A-rSO2 may require additional evaluation
with EGG and AC. Preliminary data indicates that lower
EGG and AC signals after feeding indicate feeding intoler-
ance. Conversely, higher signals after feeding is indicative
of feeding tolerance.

[0113] Several studies have applied NIRS to abdominal
investigation of bowel ischemia and NEC. Results from an
observational cohort study of 40 neonates suggested that
NIRS has potential value in the prediction of splanchnic
ischemia. (8) A case study of a 4-week-o0ld term infant with
pulmonary atresia, intact ventricular septum, and multiple
aortopulmonary collateral vessels reported the abdominal
NIRS finding of significant mesenteric oxygen desaturation
and associated NEC.(35)

[0114] Current NIRS devices are useful as trend monitors
because of high inter-patient variability, causing difficulties
in the definition of critical values of oxygen parameters. The
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main reason for this is the introduction of movement artifact
and uncertain optical path length factor, especially in the
abdominal measurements.

[0115] In conclusion, the simultaneous use of non-inva-
sive technology such as EGG, AC, and NIRS demonstrate
that they can be used as predictors of feeding tolerance.
NIRS results that show an increase in A-rSO2 1 hour after
feeding may be predictive that these babies will not develop
feeding issues. However, a decrease in A-rSO2 requires
additional evaluation by means of EGG and AC. For babies
showing a decrease in A-rSO2 1 hour after feeding we are
able to predict feeding tolerance if we also see an increase
in post-prandial myoelectric amplitude at 3 c.p.m that is
correlated with an increase in acoustic frequency and ampli-
tude.

[0116] It should be borne in mind that all patents, patent
applications, patent publications, technical publications, sci-
entific publications, and other references referenced herein
are hereby incorporated by reference in this application in
order to more fully describe the state of the art to which the
present invention pertains.

[0117] It is important to an understanding of the present
invention to note that all technical and scientific terms used
herein, unless defined herein, are intended to have the same
meaning as commonly understood by one of ordinary skill
in the art. The techniques employed herein are also those that
are known to one of ordinary skill in the art, unless stated
otherwise. For purposes of more clearly facilitating an
understanding the invention as disclosed and claimed herein,
the preceding definitions are provided.
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[0153] It should be emphasized that the above-described
embodiments of the present disclosure are merely possible
examples of implementations set forth for a clear under-
standing of the principles of the disclosure. Many variations
and modifications may be made to the above-described
embodiment(s) without departing substantially from the
spirit and principles of the disclosure. All such modifications
and variations are intended to be included herein within the
scope of this disclosure and protected by the following
claims.

What is claimed is:

1. A method for diagnosing a digestion condition of a
subject, the method comprising:

obtaining electrogastrogram (EGG), bowel sound, or

NIRS signals, or a combination thereof, from one or
more sensors positioned about an abdominal region of
a subject;

removing artifacts from the signals to obtain conditioned

signal data; and

determining a digestion condition of the subject based at

least in part upon the conditioned signal data.

2. The method of claim 1, further comprising determining
gastrointestinal (GI) signal features from the conditioned GI
signal data, wherein the digestion condition is based at least
in part upon the GI signal features.

3. The method of claim 1, wherein the artifacts comprise
movement artifacts, recording environment-related artifacts
and sensor-related artifacts, or a combination thereof.
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4. The method of claim 1, wherein determining the
digestion condition of the subject comprises identifying an
abnormal digestion condition.

5. The method of claim 4, wherein determining the
digestion condition of the subject comprises determining a
location of an abnormal condition.

6. The method of claim 4, wherein determining the
digestion condition of the subject comprises determining a
severity of an abnormal condition.

7. The method of claim 1, wherein the subject is a preterm
infant.

8. The method of claim 7, wherein the infant is less than
34 weeks gestational.

9. The method of claim 8, wherein the infant is less than
29 weeks gestational.

10. The method of claim 4, wherein the abnormal diges-
tion condition is a post-prandial decrease of A-rSO2.

11. The method of claim 4, wherein the abnormal disges-
tion condition is post-prandial decrease in EEG and/or AC
signal levels.

12. A system for cerebral diagnosis of a digestion condi-
tion or feeding readiness of a subject, or a combination
thereof, the system comprising:

a signal recording module configured to acquire GI sig-
nals from one or more sensors positioned about an
abdominal region of a subject;

a signal conditioning module configured to condition GI
signal data from the one or more GI signals;

a signal analysis module configured to determine at least
one feature of a GI signal based at least in part on the
conditioned GI signal data; and

a condition classification module configured to determine
a digestion condition of the subject based at least in part
on the at least one feature of the GI signal.

13. The system of claim 12, further comprising a sensor
application module configured to verify a recording condi-
tion of the one or more sensors based upon predefined sensor
criteria.

14. The system of claim 12, wherein the signal condi-
tioning module is configured to remove artifacts associated
with movement of the subject from the GI signal data.

15. The system of claim 12, wherein the signal analysis
module is configured to generate a cerebral network model
based at least in part upon the conditioned GI signal data.

16. The system of claim 12, wherein the condition clas-
sification module is configured to identify a location and/or
a severity of an abnormal digestion condition.

17. The system of claim 12, wherein the at least one
feature of the GI signal comprises a cerebrosplanchnic
oxygen ratio value or a splanchnic circulation value, to
determine if a subject is at risk for disease.

18. A method for digestion diagnosis, comprising:

positioning one or more electrogastrogram (EGG) elec-
trodes, bowel sound stethoscopes and/or near-inferred
spectroscopy (NIRS) sensors about an abdominal
region of a subject;

determining with a processor a recording condition for
each of the one or more sensors based upon predefined
sensor criteria;

wherein when an acceptable recording condition is iden-
tified, one or more signals are obtained from the one or
more sensors, and wherein when an unacceptable
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recording condition is identified, an indication of the
sensor corresponding to the unacceptable recording
condition is provided.

19. The method of claim 18, wherein following an indi-
cation of the sensor corresponding to the unacceptable
recording condition, a communication to a user for correc-
tion of the unacceptable recording condition is provided.

20. The method of claim 18, further comprising amplifi-
cation and filtering of the one or more obtained GI signals.

21. The method of claim 18, further comprising sampling
the one or more obtained GI signals to obtain digital GI data.

22. The method of claim 21, wherein the digital GI data
is stored in memory.

23. The method of claim 22, wherein a backup of the
digital GI data is provided by a computer unit or a server, or
a combination thereof.

24. A system for diagnosis of a digestion condition and/or
a feeding readiness of a subject and to identify a subject at
risk for disease, comprising a computer unit comprising:

a signal recording module configured to acquire GI sig-
nals from one or more sensors positioned about an
abdominal region of a subject, wherein the sensors
detect oxygen saturation in the abdominal region of the
subject;

a signal conditioning module configured to condition GI
signal data from the one or more GI signals;
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a signal analysis module configured to determine at least
one feature of a GI signal based at least in part the
conditioned GI signal data; and

a condition classification module configured to determine
a digestion condition of the subject based at least in part
on the at least one feature of the GI signal.

25. The system of claim 24, wherein a cerebrosplanchnic
oxygen ratio is recorded by the signal recording module, and
wherein the condition classification module determines a
digestion condition of the subject based on the cerebros-
planchnic oxygen ratio.

26. The system of claim 25, wherein the digestion con-
dition of the subject comprises an ability of the subject to
tolerate an orogastric feed.

27. A system for diagnosis of a digestion condition and/or
a feeding readiness of a subject and to identify a subject at
risk for disease, comprising:

a computer processing module or modules to process (i)

an EEG signal input; (i1) a bowel sound input and (ii)
a NIRS input; and

a display to present data to an operator of the system.

28. The system of claim 27, further comprising an EEG
probe, a bowel sound stethoscope and an NIRS probe in
communication with said computer.

29. The system of claim 27, further comprising a signal
conditioning module configured to condition one or more of
(1), (i1) or (iil) inputs.
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