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(57) Abstract: The present invention relates to a system device and method
for monitoring infant oral motor kinetics (OMK), which can be used to as-

sess the functional significance of the different sucking components, i.e., the
plasticity of infant sucking skills in relation to their oral feeding perform-
ance, at a particular time, during the developmental period and/or during
preventive or therapeutic intervention programs. It is a unique system and
apparatus that provides a means to study the nonnutritive and/or nutritive
sucking skills, i.e., the Suction and/or Expression components of sucking, of
infants in the natural setting, i.e., during a normal feeding session. OMK
sensors, tracked in real-time by the monitoring system, include miniature
pressure transducers, or pressure sensitive pads, attached to the nipple for
measuring intraoral pressure pulses during Suction, and for measuring com-
pression/stripping pressure pulses during Expression; and a miniature flow
sensor for measuring fluid flow rate, which can be integrated over time to
determine the volume of milk removed (bolus) per suck. Other signals, such
as respiration, swallowing, thermal, optical, and acoustic signals can be re-
corded and compared along with the instrumented-nipple signals, in an
OMK monitoring system.
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SYSTEMS FOR MONITORING INFANT ORAL MOTOR KINETICS DURING NUTRITIVE AND NON-
NUTRITIVE FEEDING

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to and the benefit of the filing of U.S. Provisional Patent
Application No. 61/673,076, entitled Systems and Method for Monitoring Infant Oral Motor Kinetics During
Nutritive and Non-Nutritive Feeding, filed on July 18, 2012, and the specification and claims thereof are

incorporated herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The present invention relates, in general, to improved systems, methods, and devices for
monitoring the oral motor kinetics of an infant during nutritive sucking (NS) and non-nutritive sucking
(NNS).

Introduction

[0003] As the ability of an infant/newborn to feed by mouth safely and efficiently is dependent on
the proper development of his/her oral feeding skills, researchers have developed a number of systems
for monitoring infant sucking. Sucking is the mechanism used by an infant to feed in order to obtain
milk/nutrition. Sucking comprises two components, Suction and Expression. Suction corresponds to the
generation of a negative pressure in the oral cavity (intraoral) which draws the liquid into the mouth.
Expression corresponds to the generation of a positive pressure when the tongue squeezes the nipple
against the hard palate which ejects the liquid into the mouth. The systems for monitoring infant sucking
fall into three categories. The first category measures the number of sucks by the number of pressure
changes inside the nipple/bottle (1-3). The second monitors only the Suction component of sucking (4, 5).
The third system monitors both components of sucking, Suction and Expression (6-9). Suction is defined
as the negative intra-oral pressure exerted to draw milk from a bottle or breast into the mouth.
Expression, is defined as the compression and/or lengthwise stripping of the nipple (bottle or breast) by

the tongue, pushing up against the infant’s hard palate to eject milk into the mouth (10, 11).

[0004] As the infant’s oral motor skills develop, it has been shown that the Expression

component appears first, followed by the Suction component (9). Infants using the Expression component
1
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alone can feed by mouth safely and successfully, albeit not as efficiently as when using a rhythmic
alternation of Suction and Expression (8, 9); the latter being recognized as the full-term sucking pattern
(6, 7, 9). These studies demonstrate the physiologic and functional importance of the Expression
component of sucking. It has been speculated that compression primarily occurs with immature
Expression, while stripping which also includes compression occurs with mature Expression. In brief,
studies using monitoring systems that do not include both components of sucking, and in artificial
settings, lead to an incomplete understanding of oral motor kinetics and feeding skills. This not only
threatens the infants’ safety and competence when feeding by mouth, but it also provides an inaccurate

knowledge base for the development of oral feeding interventions.

Background of the Present Invention

[0005] An embodiment of the present invention measures oral motor kinetics of an infant. Both
the Suction and Expression components of sucking were measured using a miniature pressure
transducer for each component (total of 2 transducers), during normal oral feeding sessions (Fig. 1). The
first system allowed monitoring with a standard bottle as used in nurseries, and in which infants obtained
milk regardless of the sucking pattern they used, Expression alone or alternation of Suction/Expression.
The individual Suction and Expression pressure traces were recorded simultaneously; and the overall oral
feeding performance was characterized by evaluating two parameters, the percent of overall milk transfer
[(volume taken/volume to be taken) x 100] and the rate of milk transfer over the entire feeding period
{ml/min) (8). Referring now to Fig. 1, pressure transducer plates 103 are associated with the nipple of
instrumented bottle 101. A soft Silastic tubing 105 provides covering for the transducer 103 when
transducer 103 is partly located outside of the nipple of bottle 104. This prevents the transducer 103 from
being in direct contact with infant’s oral cavity. Gray shading 102 indicates fluid for delivery through the
nipple. Transducer 103 may measure negative pressure (Suction) or positive pressure (compression) or
both. Suction pressure signal 109 and Expression pressure signal 111 are transmitted via wires in
communication with signal processor 113. The wires are located within tubing 107. The tubing may be
for example PE. In one embodiment the tube 105 is connected to tube 107. However, the signal may be
transmitted wirelessly also. The processed signal [-] or [+] is displayed on monitor 115. The negative
pressure is detected at transducer 103 (illustrated as a dot connected to wire 112 in the lower portion of

the tip of the nipple).

[0006] The stages of infant feeding were recorded. A 5-point scale (1A; 1B; 2A; 2B; 3A; 3B; 4;
5) characterizing five developmental stages of nutritive sucking during bottle feeding, beginning with the
appearance of only the Expression component, followed later by that of the Suction component (Fig. 2),
was validated. Immature sucking is characterized primarily by the use of Expression-alone (Stage 1,

which is less efficient); while mature sucking, as seen in infants born at term gestation, is characterized by
2
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the rhythmic alternation of Suction/Expression (Stage 5, which is more efficient). A direct relationship was
demonstrated to exist between these developmental stages and the oral feeding performance

parameters, as defined above (9).
[0007] The understanding of the maturation process in infant sucking skills, gained with
measurements from the first OMK system, has allowed the development of preventive and therapeutic

interventions to assist infants with oral feeding difficulties {12-16).

BRIEF SUMMARY OF THE INVENTION

[0008] The present invention relates to systems, methods, and devices for monitoring an infant's
Oral Motor Kinetics {OMK). We define the term "oral motor kinetics" as being "the changes in oral motor
skills" of an infant as the infant matures. Knowledge of an infant's OMK parameters and characteristics
can be used to assess the functional significance of the different sucking components, i.e., the plasticity
of infant sucking skills in relation to their oral feeding performance, at a particular time, during the
developmental period and/or during preventive or therapeutic intervention programs. The devices and
methods of an OMK system can provide a unique means for studying the nonnutritive and nutritive
sucking skills of individual infants in a natural setting, i.e., during a normal feeding session; as opposed to
an artificial one, e.g. when milk is only delivered to the baby if he uses the Suction component. This is
particularly of germane importance when monitoring nutritive sucking, insofar as researchers aim at
gaining an understanding of the impact that such skills can have on how safely and efficiently an infant

orally feeds and how best to develop efficacious interventions to enhance such performance.

[0009] OMK monitoring systems, according to an embodiment of the present invention, offer
several features, all of which can benefit infants. To monitor nonnutritive sucking, monitoring sensors can
be adapted onto a pacifier, or onto a disposable glove, such as routinely used by feeding therapists for
the clinical evaluation of infants’ sucking. To monitor nutritive sucking from bottle feeding, monitoring
sensors can be adapted to any type of bottle nipples for use on any type of bottle, to a breast, or a nipple

shield for breastfeeding.

[0010] When adapted for non-nutritive sucking, it will provide an accurate feedback of the
developmental stage of the infants’ Suction and Expression, along with their coordinated activities. Its use
as a clinical evaluation tool will offer feeding therapists important information on specific measures
relating to an infant’s sucking, e.g., frequency of Suction and/or Expression components, respective
amplitude/force (mmHg), number of Suction and Expression per sucking burst, duration of sucking burst
(17).
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[0011] When adapted for nutritive bottle-feeding, an OMK monitoring system can monitor the
Suction and Expression component of sucking, and can also provide information on the flow rate and
volume (bolus) of milk intake resulting directly from the infant’s sucking skills, as would normally occur
during a normal bottle feeding and not predetermined by existing patented monitoring systems. This is
achieved because milk fills the nipple chamber and flow occurs regardless of whether the infant uses
Suction, Expression, or a combination of both. As such, its use during bottle feeding will provide not only
an exact description of the characteristics of individual infants’ Suction and Expression, e.g.,
force/amplitude, frequency, interaction, and synchronization, but also their impact on infants’ feeding
performance, e.g., ability to complete a feeding session, efficiency/rate of milk transfer. Furthermore, its
use over time, as infants mature, will identify their maturation process. For those with oral feeding
difficulties, it will help identify potential causes of discrepancy, as well as to monitor the efficacy of any

interventions provided.

[0012] OMK monitoring systems are simple to use, non-invasive, and are generally compatible
with a wide variety of recording devices equipped with appropriate analytical software programs. The
systems and devices can also be easily expanded to simultaneously record other physiological
parameters, e.g., swallowing, respiration, esophageal activity, and clinical vital signs, e.g., oxygen
saturation and heart rate. In some embodiments, various components of the monitoring system are

disposable (one-time use).

[0013] OMK monitoring systems, according to some embodiments, can quantitatively monitor a
variety of variables and parameters, including, but not limited to: a) infant nutritive sucking skills, b) the
volume of fluid (i.e., milk) ingested during routine bottle feeding, ¢) their direct impact of infant’s feeding
efficacy, d) infant nonnutritive sucking skills, e.g., on a pacifier, and e) the individual characteristics
(simultaneously) of the two components of nutritive and nonnutritive sucking: Suction and Expression.
One embodiment of the OMK monitoring system allows an infant to get milk by using their true skills, e.g.,
Expression only, Suction only, or a combination of both Suction and Expression within a normal feeding,

as provided when using a standard feeding bottle.

[0014] An embodiment of the OMK monitoring system can be used for nonnutritive (NNS) (e.g.,
pacifier, glove system), and/or for nutritive (NS) sucking measurements (e.g., bottle-feeding). The OMK
devices and methods can distinguish between Suction and Expression, and they can also differentiate
between the two different Modes of Expression, namely: 1) compression-only and 2) compression plus
stripping. Some OMK devices can measure the volume of bolus per suck during nutritive sucking (which

can be used as a measure of efficacy).
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[0015] The various parameters that are monitored by an OMK system can provide useful
information on the development of the neuromotor plasticity of the sucking function when the parameters

are analyzed as a function of bolus volume.

[0016] One embodiment of the present invention provides for a system for monitoring oral motor
kinetics in an infant comprising a nipple comprising a first pressure transducer and a second pressure
transducer for detecting pressure when the nipple is placed in the mouth of an infant and a processor in
operational communication with the first pressure transducer and the second pressure transducer of the
nipple for processing a signal from the first pressure transducer and the second pressure transducer to

provide information about the infant's oral motor kinetics when the nipple is in the infant’'s mount.

[0017] Additionally, the nipple may comprise a third pressure transducer located at a distance L,

from the second pressure transducer on the nipple long axis.

[0018] The processor of this embodiment may be in operational communication with the third
pressure transducer for processing a signal from the third transducer to provide information about the

infant's oral motor kinetics when the nipple is in the infant’'s mouth.

[0019] The second pressure transducer and the third pressure transducer may be located within
a tube positioned at least partially on the exterior of a neck of the nipple such that the tube would be in

contact with the mouth of the infant when the nipple is in use.

[0020] Further the second pressure transducer and third pressure transducer may each be a
pressure transducer measuring the positive pressure exerted by the Expression component of sucking

when the tongue compresses and/or strips the nipple against the hard palate.

[0021] The first pressure transducer may be located at the distal tip of the nipple.

[0022] Additionally the second pressure transducer may be located closer to a base of the nipple
as compared to the position of the third pressure transducer which is located closer to a tip of the nipple

as compared to the position of the second pressure transducer.

[0023] Further still the first transducer may be a pressure transducer measuring the negative

intraoral pressure exerted by the Suction component of sucking.

5
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[0024] Additionally, the distance L, between the second pressure transducer and the third

pressure transducer can be between about 0.1-3 cm along the long axis of the nipple.

[0025] Additionally the nipple may be selected from a nipple shield, a finger of a glove, a pacifier

or a nipple of a feeding bottle.

[0026] In this embodiment the processing by the processor may be selected from the group

consisting of receiving, storing, displaying, analyzing and transmitting.

[0027] Additionally the processor may be operatively connected to a display for displaying the

signal from the first pressure transducer and the second pressure transducer.

[0028] Or further still, the processor may be operatively connected to a display for displaying the
signal from the first pressure transducer the second pressure transducer and the third pressure

transducer.

[0029] Additionally, the operational communication of the processor to the first pressure

transducer and second pressure transducer may be wireless.

[0030] Further still the operational communication of the processor to the third pressure

transducer is wireless.

[0031] Operational communication may include transmitting a signal through a conductive wire
or transmitting a signal with a frequency such as infrared frequency or radio frequency or a mechanical
communication such as hydraulics. Associated with the nipple includes adjoined, connected, adhered,

attached permanently or releasably.

[0032] According to another embodiment, an instrumented nipple comprises a first pressure
transducer and a second pressure transducer associated with the instrumented nipple for detecting
pressure when the instrumented nipple is placed in the mouth of an infant wherein the first pressure

transducer is located at the tip of the nipple.

[0033] Further the first transducer may be a pressure transducer measuring the negative

pressure exerted by the Suction component of sucking.
6
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[0034] Further still the second pressure transducer may be a positive pressure transducer for

measuring the Expression component of sucking.

[0035] The second pressure transducer may be associated with a neck of the instrumented
nipple.
[0036] Further a third pressure transducer may be located on the neck of the nipple at a

distance of between about 0.1-3 cm from the second pressure transducer on the nipple’s long axis

wherein the third pressure transducer is a positive pressure transducer.

[0037] Another embodiment provides for a method for evaluating an infant’s oral motor kinetics
comprising inserting an instrumented nipple according to any one of the instrumented nipples disclosed
herein into the mouth of an infant and detecting the infant’s oral motor kinetics by the activation of a
pressure transducer of the instrumented nipple according to any one of claims 16-20 from the pressure
provided from within the infant's mouth causing activation of the pressure transducer to create a signal.
The signal is received and analyzed from activation of the pressure transducer to determine the oral

motor kinetics of the infant during sucking.

[0038] Additionally the step of analyzing the signal includes measuring over time the pressure at
the second pressure transducer and the third pressure transducer located in the neck of the nipple to

determine the mode of Expression.

[0039] Further still the oral motor kinetics is non-nutritive sucking when the nipple is a finger

glove or a pacifier.

[0040] Additionally, the nipple may be a nipple attached to a feeding bottle delivering fluid to the

infant during nutritive sucking.

[0041] Further still the nipple may be a nipple shield placed on a breast delivering milk to the

infant during breastfeeding.

[0042] Further still the instrumented nipple of can measure a characteristic of sucking selected
from the group consisting of the duration of the sucking action, the amplitude/force (mmHg) of the Suction
and Expression components of the sucking action and the number of Suction and Expression per sucking

burst.
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[0043] The method embodiment may further comprise analyzing the Expression component with
the instrumented nipple to identify compression and/or stripping signals or may further comprise
monitoring the amount of fluid delivered to the infant from the nipple or may further comprise monitoring a
clinical parameter selected from the group consisting of heart rate, oxygen saturation, respiration, and

esophageal activity.

[0044] Another embodiment of the present invention provides for an instrumented nipple for
measuring infant feeding performance comprising a nipple having a tip, and a base connected via a neck
wherein the tip contains an nipple exit hole through which fluid exits when the base of the nipple is
securely connected to a bottle of fluid wherein the nipple exit hole comprises a calibrated flow orifice
insert having a diameter D, and a length L, wherein a calibrated flow orifice directs all fluid exiting the
nipple past a first pressure transducer and a second pressure transducer of the calibrated flow orifice to

detect pressure change as the fluid passes through the calibrated flow orifice insert of the instrumented

nipple.

[0045] Further still, the first pressure transducer is located at the inlet of the calibrated flow

orifice or inside of the calibrated flow orifice near the inlet.

[0046] Additionally the second pressure transducer is located at the outlet of the calibrated flow

orifice or inside of the calibrated flow orifice near the outlet.

[0047] Alternatively the first transducer and the second transducer are embedded in the sidewall

of the orifice.

[0048] Further still the calibrated flow orifice remains unchanged in shape during sucking.

[0049] Further still the calibrated flow orifice may further comprises an internal flange with a
large diameter that fits within the nipple at the nipple tip to prevent the calibrated flow orifice insert from

exiting the nipple exit hole.

[0050] Another embodiment of the present invention provides a method of measuring infant
feeding performance comprising measuring the fluid flow rate of fluid to an infant delivered with an

instrumented according to any one of claims 30-35 wherein the difference in pressure between a first
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pressure transducer (P1) and a second pressure transducer (P2) is proportional to the square root of the

pressure drop, AP ,=P1-P2.

[0051] Yet another embodiment of the present invention provides for an instrumented nipple for
use with an Oral Motor Kinetics (OMK) monitoring system comprising a nipple and a pressure sensitive
pad attached to the nipple wherein the pressure sensitive pad comprises a two-dimensional (2-D) array of
pressure sensitive elements capable of providing a plurality of real-time electrical signals representing a

time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0052] The accompanying drawings, which are incorporated in and form part of the specification,
illustrate various examples of the present invention and, together with the detailed description, serve to

explain the principles of the invention.
[0053] Fig. 1 is a schematic of an example of an instrumented nipple according to one
embodiment of the present invention, adapted to a recording device, for the measurement of Suction and

Expression pressures during bottle-feeding.

[0054] Fig. 2 shows the different stages of sucking, Suction and Expression, as infant matures

monitored with an OMK system.

[0055] Fig. 3 is an isometric view of an example of an instrumented bottle nipple, attached to a

bottle according to one embodiment of the present invention.

[0056] Fig. 4 is a schematic of an example of an instrumented disposable glove.

[0057] Fig. 5 is a sample tracing showing the simultaneous pressure traces of Suction,

Expression, swallowing, and respiration.

[0058] Figs. 6A and 6B illustrate embodiments of an instrumented nipple.
[0059] Fig. 7 illustrates an embodiment of an instrumented nipple.
[0060] Figs. 8A and 8B illustrate embodiments of an instrumented nipple.
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[0061] Fig. 9 illustrates an embodiment of an instrumented nipple.

[0062] Figs. 10A and 10B illustrate embodiments of an instrumented nipple.

[0063] Fig. 11 illustrates multiple methods of making an instrumented nipple.

[0064] Fig. 12 illustrates an embodiment of an instrumented nipple.

[0065] Figs. 13A, 13B, 13C and 13D illustrate embodiments of an instrumented nipple.
[0066] Fig. 14 illustrates an embodiment of an instrumented nipple.

[0067] Figs. 15A and 15B illustrate embodiments of an instrumented nipple.

[0068] Fig. 16 illustrates an embodiment of an instrumented nipple.

[0069] Figs. 17A and 17B illustrate embodiments of an instrumented nipple.

[0070] Fig. 18 illustrates an embodiment of an instrumented nipple.

[0071] Fig. 19 illustrates an embodiment of an instrumented nipple.

[0072] Figs. 20A and 20B illustrate a representative trace of infant oral motor kinetics as

measured with an embodiment of an OMK system.

[0073] Fig. 21 illustrates a method for determining which mode of Expression is used during

feeding as measured with an instrumented nipple.

[0074] Figs. 22A, 22B, 22C and 22D illustrate an embodiment of an instrumented nipple.

DETAILED DESCRIPTION OF THE INVENTION

[0075] Embodiments of the present invention relate, in general, to improved systems, methods,
and devices for monitoring the oral motor kinetics (OMK) of an infant during nutritive (NS) or non-nutritive
(NNS) sucking.

10



WO 2014/015180 PCT/US2013/051148

[0076] Note: the term “infant” is broadly defined herein as including any infant mammal, not just
human infants. Also, the term “infant” is further defined as including any age, i.e., ranging from premature

infants (and mammals) to elderly people (and mammals).

[0077] One aspect of an embodiment of the present invention provides for an improved OMK
monitoring system that simultaneously measures Suction and Expression forces and pressures applied to
a nipple by the infant. This can be accomplished, for example, by using miniature/micro pressure
transducers attached at specific locations on the nipple. For example, these can be placed flushed to the
tip of the nipple, without protruding into the infant's mouth, to directly measure the Suction component of
sucking, i.e. the negative intraoral pressure and also along the midsection/neck of the nipple to directly
measure the Expression component of sucking, i.e. the positive compressive pressure generated by the

compression and/or stripping of the nipple between the tongue and the hard palate.

[0078] Another aspect of an embodiment of the present invention is that an instrumented nipple
should replicate a standard bottle (e.g., with respect to geometry, shape, texture, smoothness, symmetry,
and stiffness/elasticity (durometry), with milk filling the entire chamber inside the nipple, especially when
monitoring the Expression component of sucking, so that the infant’s natural feeding regimen can be

simulated as closely as possible.

[0079] Another aspect of an embodiment of the present invention provides an, OMK monitoring
system, that when used on the same subject within the same time frame, comparing nonnutritive and
nutritive sucking, can be used to determine whether an infant’s oral feeding problems are due to issues
with sucking, or due to some other physiological function, e.g., swallowing, breathing, upper

gastrointestinal function, etc.

[0080] Fig. 3 illustrates an embodiment of an instrumented OMK nipple. Fig. 3 shows an
assembly of a first embodiment of an OMK monitoring system, which is adapted for use with a bottle
nipple 309. The Suction pressure is monitored with Mikro-tip pressure transducers 310 and the
Expression pressures are monitored with Mikro-tip pressure transducers 306 and 308 (Model SPR-524,
Millar Instr., Houston TX). The elements 310, 308, and 306 in Fig. 3 show the approximate placements of
the pressure transducer plates (the transducer plate is the active, sensor part of the transducer that
senses and responds to the applied pressure forces). For measuring the Suction component of sucking,
the pressure transducer 310 is inserted through a polyethylene tubing (PE200, ID, Clay Adams, Becton
Dickinson & Co, Parsippany, NJ) flush to the tip of the nipple, without protruding into the infant’s mouth.
The nipple end of this PE 200 tubing is flared gently so as to anchor to the nipple. For measuring the

11
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Expression component, transducer 306 is positioned closer to nipple base 307. Transducer 308 is

positioned near nipple tip 309.

[0081] Note that the examples shown in Fig. 3 illustrate another preferred feature of the
improved OMK monitoring systems and devices, which is that the miniature pressure transducers
measure pressure forces directly {i.e., the location where the actual forces are applied to), unlike standard
ones that are remotely connected at a distance through air- or liquid-filled tubing, which have a risk of

dampening amplitude of responses and delaying of event timing.

[0082] In Fig. 3, the Expression component is monitored using one or more micro-sized (one the
order of 1 mm) pressure transducers 308 and 306. The transducer has an active, sensing head (the
“transducer plate”) that comprises a pressure-sensitive plate or membrane. Each transducer is inserted
into a short (2.5 cm) piece of soft, transparent catheter tubing (Silastic, 1.3 mm ID, Dow Corning Corp,
Midland, MI), which physically isolates the transducer from the infant’'s mouth. The short segment of soft,
transparent catheter tubing is connected, in turn, to a longer section of stiff polyethylene tubing (PE 200).
The short Silastic portion 304 is exteriorized along the outer surface of the nipple, in the relatively straight,
mid-section/neck of the nipple. The Silastic tubing is transparent, which allows the pressure sensor to be
visually inspected. The transducer plate can be positioned at any distance along the ‘neck’ of the nipple.
To ensure the proper monitoring and recording of the Expression traces (pressure pulses/spikes), the
pressure transducer plate is preferably positioned upward, where it can be pressed against the hard
palate by the tongue pushing on the opposite, lower surface of the nipple. This optimizes the recording of
the positive pressure generated by the tongue squeezing or stripping on the nipple against the hard

palate, and standardizes the position of the tubing from one infant to another.

[0083] In Fig. 3, the Silastic piece 304 is connected to the PE tubing 303 by overlapping the
tubings (Fig. 6B). The PE tubing enters the bottle at the base of the nipple 302. The transducer 304 and
308 and its wiring is inserted into PE tubing 303 through Silastic piece 304 until the pressure plate of 304
or 308 is at a desired distance from the tip of the nipple. The wiring of the transducer inside the PE tubing
303 is protected from damage. The overlap between Silastic 304 and PE tubing 303 is placed exactly at
the site where the PE tubing 303 exit the base of the nipple. It is the elasticity of the nipple at the exit site
that ensures the two tubings will not disconnect. The use of the soft Silastic 304 has three roles: 1) to
prevent direct contact of milk with the pressure sensor, 2) to physically isolate the transducer from the
infant’'s mouth, and 3) to prevent the possibility of any small parts detaching from the pressure sensor,
and being ingested or inhaled by the infant during feeding. Tightening locks 301 at the distal (far) end of
the each polyethylene tubing segment can be used to secure the positioning of the pressure transducers

within the tubing.
12
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[0084] As previously discussed, the Expression component of oral feeding generally comprises
a combination of two different tongue actions (modes): 1) compression-only, where the tongue applies
force perpendicular to the nipple’s surface, without any lateral motion (i.e., no stripping), and 2) stripping,
where the tongue moves (slides) laterally along the length of the nipple while also compressing the
nipple. To determine if the mode of Expression consists primarily of “compression-only” or “compression
plus stripping”, two (or more) separate pressure transducers are mounted in the nipple’s neck region.
The two (or more) transducers are spaced apart (staggered) along the length of the nipple. When spaced
sufficiently far apart, the staggered pair of transducers provides the ability to monitor and detect a unique
“wave” signature that is characteristic of the stripping action. During “compression-only”, the wave
signature comprises a single pressure spike/pulse occurring at the same time at both transducers, which
is generated when a tongue compresses all at once against the nipple. During “compression plus
stripping” the wave signature comprises a pair of closely-spaced, sequential pressure spikes/pulses,

which is generated when a tongue strips the nipple (typically, from nipple base to tip).

[0085] The embodiment shown in Fig. 3 comprises a pair of pressure transducers, each
individually sheathed inside of their own Silastic catheter tubing segments, that are mounted alongside
each other (side-by-side), and are oriented parallel to the nipple’s long axis. One transducer plate is
placed closer to the tip of the nipple (“nipple tip”). The other is spaced-apart approximately 1 cm farther
away along the long axis of the nipple, and closer to the base of the nipple (“nipple base”). In the case of
“compression only”, the nipple is compressed by a non-translating tongue; and simultaneous (or, near
simultaneous) pressure changes {spikes/pulses) are recorded from both of the spaced-apart transducers
at the same time. In contrast, if the nipple is stripped by a moving tongue (e.g., sliding from nipple base
to nipple tip), then a unique “wave” signature is generated by the pair of spaced-apart pressure
transducers; with the wave signature comprising a pair of pressure spikes closely-spaced sequentially in
time (depending on the tongue’s striping velocity). A faster-moving tongue during striping would result in
a shorter time interval being measured between the pair of pressure spikes from the spaced-apart
transducers. Conversely, a slower-moving tongue during striping would cause a longer time interval to be

measured between the pair of pressure spikes.

[0086] The embodiment shown in Fig. 3 can be successfully adapted to a pacifier or finger glove

or nipple guard, for monitoring of oral motor kinetics during nonnutritive sucking (NNS).

[0087] A pacifier having an instrumented OMK nipple as described, may be used to monitor

Sucking and Expression behavior during a nonnutritive sucking episode.
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[0088] In general, an instrumented OMK nipple can be adapted/coupled to a variety of liquid
sources, including: a regular (standard) bottle for routine feeding; a milk reservoir connected to the nipple
chamber via a third catheter; any other types of special feeding bottles. Alternatively a transducer

attached to a breast or a nipple shield can be instrumented as an OMK nipple.

[0089] Fig. 4 shows another embodiment, where the pressure transducer configuration shown in
Fig. 3 have been adapted onto a disposable glove 601, for assisting a feeding therapist in his/her clinical
evaluation of a patient. This nonnutritive sucking (NNS), finger pressure’ device is a novel and unique
quantitative assessment tool. Its use, in conjunction with the routine assessment of anatomical and
functional development of an infant’s oral structures, allows therapists to obtain a more accurate
evaluation of their patients’ sucking skills. It can also be used as a teaching tool inasmuch as a subject’s

assessment can be compared between observers/students and reviewed.

[0090] In general, Suction and Expression pressure transducer signals (- and +, respectively)
generated by an instrumented OMK system with transducer 603 and 605 sheathed within Silastic tubing
located external to the glove 601. The Suction pressure signal 615 and the Expression pressure signal
613 from signal transducers 603 and inside 605 are carried through 607 and 609 to the signal processor
617 and recorded at 619; a system similar to that described in Fig. 1. An instrumented nipple can be
combined with other monitoring systems that measure other physiological parameters, e.g., swallowing

and respiration.

[0091] A sample tracing illustrating this particular combination of signals, taken using an
embodiment of an OMK system that is configured to allow for the simultaneous recordings of pressure

signals indicative of Suction, Expression, swallowing, and respiration is illustrated in Fig. 5.

[0092] Figs. 6A and 6B show schematic illustrations of an OMK instrumental nipple. The
embodiment of Fig. 6A comprises a pair of pressure transducers 1117 on the nipple 1100. Each
transducer individually sheathed inside of their own Silastic catheter tubing segments 1115, that are
mounted parallel to each other (side-by-side), and are oriented parallel to the nipple’s long axis as shown
in 1123 of Fig. 6B. Three general regions of a bottle nipple are identified: the Tip-Section 1111, Mid-
Section (Neck) 1109, and Base-Section 1107. The embodiment of Fig. 6B comprises a nipple 1102
having a crown ring 1122 that secures nipple 1102. For the transducer 1116, the wire 1104 is housed
partly within PE tube 1106 securely connected to Silastic tube 1118. A knot at the end 1110 serves to
anchor the Silastic tube. For the transducer 1112, the wire 1104 is housed within PE tube 1106 which
shows a flared end 1112 flush to the nipple tip. The tube 1106 may be positioned next to the nipple

sidewall 1108.
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[0093] Fig. 7 shows another embodiment of an instrumented nipple 1200 for an OMK system,
comprising a pair of micro-pressure transducers 1205 and 1207 disposed together inside of the same
catheter tubing segment consisting of a Silastic tubing 1203 connected to PE tubing 1201. The two
transducer plates are spaced-apart from each other in the mid-section of the nipple (approximately 1 cm),
front-to-back. This configuration (axially spaced-apart) allows the OMK monitoring system to distinguish
between “compression-only” and “compression plus stripping” (wave) tongue motion during Expression.
Pressure monitoring catheters with multiple high-fidelity pressure sensors, such as those from Millar
Instruments, Houston TX can also be used. The nipple opening 1209 is located at the distal most portion

of the nipple tip region with the transducer tip 1205 separated from the transducer base 1207.

Other Types of Pressure Sensors

[0094] The phrases: “pressure sensor”, “pressure transducer”, and “sensor/transducer plate” are
used interchangeably herein. A micro pressure transducer plate would be an example of an active

pressure-sensing element.

[0095] Any, or all, of the following types of pressure sensing/sensor methods, effects, materials,
and/or active sensing elements can be used in any embodiment of the present invention (e.g., an

instrumented OMK nipple) including, but not limited to: capacitive, resistive, piezoelectric, polyvinylidene
fluoride (PVDF), microelectromechanical systems (MEMS) structures, and optical-type pressure sensing

elements and methods.

[0096] Any pressure sensors/transducers, which use optical pressure sensing elements can
comprise: a Fabry-Perot cavity pressure sensing element, a Mach-Zender interferometer pressure

sensing element, and/or a Bragg grating pressure sensing element.

[0097] Alternatively, pressure sensors/transducers used in any embodiment of the present
invention can comprise a 1-dimensional (linear) configuration, or a two-dimensional (planar) array (i.e.,
matrix) of pressure sensing elements. The pressure strips or pads can output a 1-D or 2-D map or profile
of a (time-dependent, dynamic) pressure distribution along a line (straight or curved) or within an area
(which can be flat or curved), respectively. An array of pressure sensing elements can be called by a
variety of names, including: a pressure sensitive pad (“pressure pad”), a tactile sensor/sensing array, an
artificial “electronic skin”, a pressure mapping system, and a flexible pressure sensor. A substrate for
holding/supporting the array of pressure sensing elements can be a rigid, semi-rigid, flexible, stretchable,

or conformable substrate, depending on the application. The individual, active pressure sensing

15



WO 2014/015180 PCT/US2013/051148

elements that make up the array can comprise any of the alternative types of pressure sensors listed

above, including: capacitive, resistive, piezoelectric, PVDF, MEMS, and optical-type elements.

[0098] One or more pressure sensitive pads (“pressure pad”) can be attached/bonded to any
part or surface of the nipple, using any compatible material, including: adhesive, glue, pressure-sensitive
adhesive tape, heat-welded, fusion-bonded, ultrasonic bonding, cyanoacrylate, BPA-free silicone
parylene conformal coating. Alternatively, the pressure pad(s) can be embedded within the sidewall of
the nipple, for example, during injection and blow molding. Alternatively, the pressure pad(s) can be

located on the inside (inner/interior) surface of the nipple’s sidewall.

[0099] Figs. 8A and 8B show another embodiment of an instrumented nipple for an OMK system
1300, comprising a 2-D pressure sensitive pad (“pressure pad” or “tactile sensing array”) 1303 attached
to the exterior surface of the mid-section (i.e., neck) 1305 of the nipple’s sidewall 1301. The pressure pad
in this embodiment comprises a 2-D array of pressure sensing elements (e.g., capacitive or resistive
elements). Fig. 818/B shows a cross-section view of Fig. 8-A having a pressure pad 1303 attached to the

exterior surface of the mid-section (i.e., neck) 1305 of the nipple’s sidewall.

[00100] Another embodiment of an instrumented nipple for an OMK system, comprising a
pressure pad that is embedded within, and surrounded by, the nipple’s sidewall, at the nipple’s neck (mid-
section region). This embodiment is useful because the pressure pad is physically isolated from the
environment of the infant’s mouth; any pieces that separate or become loose are contained within the
nipple wall. Also, the pressure pad'’s electrical leads (wires) are protected, and less prone to breakage,

because they are located within the nipple.

[00101] Another embodiment of an instrumented nipple for an OMK system, comprising a 2-D
pressure pad attached to the interior/inner surface of the mid-section (i.e., neck) of the nipple’s sidewall.
This embodiment is useful because the pressure pad is physically isolated from the environment of the
infant’'s mouth; any pieces that separate or become loose are contained within the nipple cavity. Also, the
pressure pad's electrical leads {wires) are protected, and less prone to breakage, because they are

located inside the nipple.

[00102] In general, a 1-D pressure array can be positioned at a variety of different locations,
including, but not limited to: a) on the exterior surface of the nipple (as illustrated in the example of Fig.
11), or, alternatively, b) embedded within the sidewall of the nipple itself, or c) positioned inside of the
interior wall of the nipple (e.g., glued to the inner surface of the nipple wall). Alternatively, the 1-D array

can be held by a tube having the same diameter as the array, with the array’s wires inside the tube. In
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some embodiments, such a tube can be held by a rigid grid that is fit at the base of the nipple and held in

place by the nipple crown (i.e., crown ring).

[00103] Fig. 9 shows another embodiment of an instrumented nipple for an OMK system 1601;
comprising a 1-D, linear array of pressure sensing elements 1603 (i.e., a linear strip of pressure sensing
elements). In this embodiment, the orientation of the 1-D, linear pressure-sensing array is aligned parallel

to the nipple’s centerline 1605.

[00104] Another embodiment is an instrumented pacifier or fingerglove or nipple shield for an
OMK system, comprises a 2-D tactile sensing array (i.e., pressure pad), for monitoring sucking and
Expression in a non-nutritive setting. Alternatively (not shown), a 1-D linear array of pressure sensing
elements (i.e., a linear pressure strip), can be attached to the pacifier or finger gloves or nipple shield.
[00105] In other embodiments, a 1-D linear array of pressure sensing elements (i.e., a linear
pressure strip), can be attached to a finger of the glove (in addition to, or in place of, a 2-D pressure pad).
Alternatively, a 1-D linear pressure strip can be placed on one finger of the glove, and a 2-D pressure pad
can be placed on a different finger of the same glove (e.g., on an adjacent finger). Alternatively, a 1-D

linear pressure strip can be attached (i.e. taped) directly to a person's finger underneath a glove.

[00106] Fig. 10A shows another embodiment of an instrumented nipple for an OMK system 1900,
wherein the sensor for measuring the intra-oral pressure 1905 (i.e., inside of the infant's mouth)
comprises a fiber optic pressure sensor 1901. The fiber optic sensor is located close to the nipple’s
orifice 1907, and the active head/sensing surface 1904 is mounted flush with the nipple’s outer surface,
through an access hole 1902 in the nipple’s sidewall 1909. A retaining clip 1903 can be used to hold the

sensor in place.

[00107] Fig. 10B shows another embodiment of an instrumented nipple for an OMK system 1902,
wherein the sensor 1912 for measuring the intra-oral pressure (i.e., inside of the infant’s mouth)
comprises a 2-D pressure sensitive array (pressure pad) that is attached (e.g., adhesively bonded) to the
inside of the nipple’s sidewall, covering a 2m hole/opening 1906 in the nipple’s sidewall near the tip. Near
the opening 1910, the 2" hole 1906 provides access through which the pressure pad can sense
(measure) the pressure outside of the nipple (i.e., the intra-oral pressure). The backside of the pressure
pad may have a waterproof backing or coating (e.g., silicone coated, epoxy-coated, Gore-Tex
membrane), to prevent milk from leaking out through the 2" hole. The 2™ hole should be large enough in
diameter to provide sufficient access to the pressure pad, through the hole, by the negative pressure
inside the mouth generated when sucking. Leads 1904 may be present to connect transducer 1912 to a

recording device (not shown).
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[00108] Figs. 11A, 11B and 11C show an example of a 3-step process for making an
instrumented nipple for an OMK system. Panel A illustrates a recessed pocket 2003 is formed in the
sidewall of the nipple’s neck region. The depth of the pocket can be, for example, 'z of the thickness of
the sidewall. The recessed pocket 2003 can be formed during injection molding of the nipple (e.g., a
silicone nipple). The size of the pocket is slightly larger than the size of the pressure pad 2005.
Alternatively, the pocket can be ablated away by a rastered laser. Panel B illustrates a pressure pad 2005
is placed into the recessed pocket 2003. Optionally, the pad can be glued to the nipple. Panel C
illustrates, a protective coating is applied over the pressure pad 2007, to form a hermetic seal, and to
physically isolate the pad from the environment of the infant’'s mouth. The coating can extend beyond the
edges of the pocket, with the edges of the coating thinned/feathered down. The coating is preferably

made of a biocompatible material (e.g., silicone).

Fluid Flow Rate Sensor

[00109] A coarse measurement can be made of the average volume of milk swallowed by an
infant per suck (i.e., a “bolus”) by measuring or weighing the total volume of milk removed from a bottle
during a feeding session and dividing that by the total number of sucks counted by an observer.
However, this doesn’t provide any information on the instantaneous flow rate during a suck, or the bolus

of milk for a single suck.

[00110] In some embodiments of the present invention, the OMK monitoring system comprises a
flow sensor means for measuring a volumetric (e.g., ml/s) and/or mass flow rate (e.g., g/s) of a fluid (e.g.,
milk) flowing out of a nipple during feeding. Preferably, the flow sensor means can measure, as a
function of time, the instantaneous velocity or volumetric (or mass) flow rate of fluid flowing out of a
nipple. An OMK monitoring system can comprise a flow sensor as the only instrumentation; or,
alternatively, the system can additionally comprise other types of sensors (e.g., pressure sensor(s),

optical sensor, temperature sensor, etc.).

[00111] The flow sensor means for measuring an instantaneous fluid flow rate (“flow sensor”) can
utilize or comprise any of a wide variety of methods, devices, and structures that measure/respond to
physical properties of a moving fluid {e.g., velocity, and, hence, volumetric or mass flow rate; pressure;
density; etc.), including, but not limited to: pressure differential or pressure drop across a flow
discontinuity or restriction {e.g., Venturi, calibrated orifice plate), ultrasonic techniques, thermal properties
technique (e.g., Resistance Temperature Detectors (RTD) thermistor, hot-wire technique, thermal flow
sensor), MEMS micro flow sensor, electrochemical techniques (electrolytes, electrical admittance, "Lab-
on-a-Chip"), MEMS Coriolis-effect flowmeter (resonant tube), semiconductor field effect, Particle Image

Velocimetry (P1V), and flow-based laser or optical techniques, as described below.
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[00112] The volume of liquid (bolus, in ml) passing through the flow sensor, for a single suck, can
be calculated by integrating the instantaneous measured flow rate {ml/s) over time, for the duration of the
single suck. A typical bolus volume (per suck) is in the range of 0.1 — 0.4 ml. A typical volumetric flow

rate during feeding is in the range of 0 — 6 ml/min.

A. Flow Rate Sensor Integrated with/within Nipple

[00113] A first class of flow rate sensors comprises one or more sensing elements that are
integrated with or within the nipple itself (bottle nipple, nipple shield). With the use of miniature/micro-
sized transducers (e.g., pressure transducers) and MEMS manufacturing techniques, it is possible to
fabricate fluid flow sensors that are small enough to fit inside the rounded tip region of a nipple, or
inserted into the nipple’s exit hole. This is particularly useful, because the fluid flow properties (e.g.,
velocity, density, mass flow rate, volumetric flow rate) are preferably measured right at the point where

the fluid leaves the nipple (i.e., the nipple exit hole).

[00114] Fig. 12 shows an embodiment of an instrumented nipple for an OMK system 2100,
comprising a calibrated flow orifice 2102 having a diameter of D, and a length of L, is inserted into the
standard flow/exit hole 2104 at the tip of the nipple. The calibrated flow orifice insert 2107 is formed out
of a rigid material (e.g., polycarbonate plastic, aluminum, stainless steel) that will retain its shape during
use. Unlike the standard hole in a silicone or latex nipple {(which changes shape from a circle to an
ellipse over time due to non-uniform stretching, and which may have small cracks from ageing or fatigue),
the calibrated orifice insert comprises an orifice with a constant inner diameter, Do, and a constant length,
Lo; both of which have been measured with a high degree of accuracy. The cross-sectional shape of the
calibrated flow orifice is typically circular; however it can have any shape (e.g., oval, hexagonal,
octagonal), just so long as the shape stays constant over time and doesn’t change or distort. The flow

rate formula is shown at 2106.

[00115] The calibrated orifice insert 2107 in Fig. 12 has an integral inside/inner flange 2101 with
a large diameter (d—d1), which prevents the orifice from being accidently dislodged from the nipple and
being ingested or inhaled by the infant. The calibrated orifice also has an integral outer lip 2103, having a
smaller diameter as compared to the inside flange, for retaining and securing the orifice to the nipple
sidewall 2105 (which has a typical thickness of 1 mm used in a human infant baby bottle). The inside
flange and the outer lip can be circumferentially axisymmetric (i.e., continuously circular). Alternatively,
the inside flange and/or the outer lip can comprise a plurality of non-axisymmetric tabs or wings, e.g., 3-6
tabs (not illustrated). Preferably the calibrated flow orifice insert fits tightly inside the nipple’s hole, and
seals well to the nipple’s sidewall 2105, in order to prevent any fluid from flowing in gaps and bypassing

the main flow through the orifice open channel.
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[00116] In general, the dimensions (length and diameter) of an orifice insert can be adjusted and
optimized to produce a larger (or smaller) pressure drop, as needed, to better match the typical fluid flow

rates generated by an infant during an oral feeding session.

[00117] Once the orifice has been calibrated, then the fluid flow rate is proportional to the square
root of the pressure drop, A P, where A P = P, - P,2106, between the pressures at the inlet and outlet of
the orifice. The calibrated orifice is typically pre-calibrated at the manufacturer by accurately measuring
the flow rate as a function of pressure drop across the orifice. This results in a linear, straight-line plot with

minimal scatter of data points.

[00118] In the device of Fig. 12, the inlet pressure, P4, can be measured by any type of micro-
pressure transducer, fiber optic pressure transducer, etc., at a point inside of the nipple and close to the
tip. The transducer(s) optionally can be attached to the orifice. The outlet pressure, P, is the same as
the intra-oral pressure inside the infant's mouth, which can be measured by any type of micro-pressure
transducer, fiber optic pressure transducer, etc. that has been inserted through the nipple’s sidewall and
into the intra-oral space to monitor the pressure inside of the infant’'s mouth, but without protruding into

the baby’s mouth (see, e.g., Figs. 3).

[00119] Fig. 13A shows another embodiment of an instrumented nipple for an OMK system 2200,
comprising a calibrated flow orifice 2102 inserted into the standard flow/exit hole at the tip of the nipple.
Fig. 13A is similar to Fig. 12, except that the pressure drop is measured at two different points located

inside of the orifice’s channel.

[00120] Two different examples of means for measuring pressure are illustrated schematically in
Fig. 13A. On the left hand side of the orifice, two MEMS-based pressure sensors 2211 (measuring P,
and P,) are disposed on a substrate, which, in turn, is embedded within the thick sidewall of the calibrated
orifice 2102. Small ports (horizontal holes) 1 and 2 connect individually the two MEMS pressure sensors
to the pressurized fluid flowing inside the orifice. The fluid flow rate is proportional to the square root of

the pressure drop, A P4, where AP, =P, - P-.

[00121] On the right hand side of the orifice in Fig. 13A, two MEMS-based fiber optic pressure
sensors 2205 (measuring pressures P; and P4) are embedded in the thick sidewall 2105 of the calibrated
orifice. Small ports 3 and 4 (horizontal holes) individually connect the two fiber optic pressure sensors
2205 to the pressurized fluid flowing inside the orifice, or, alternatively, the head of the fiber optic sensor

can be mounted flush with the surface, which puts the sensor in direct contact with the fluid. The fluid
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flow rate is proportional to the square root of the pressure drop, A P;4 = P; — P4. The two different

pressure drops should match each other closely.

[00122] The pair of laser fiber optic pressure sensors can be, for example, a model No. OPP-

M25, manufactured by OpSens, Inc., in Quebec, Canada (www.opsens.com). This model has an outer

diameter of the sensing head of 0.25 mm (250 microns), a pressure range of -50 to +300 mm Hg, a
precision of +/- 2 mm Hg, and a resolution of 0.5 mm Hg. OpSens also makes a larger fiber optic
pressure sensor, OPP-M40, with a 0.4 mm (400 microns) OD of the sensing head. The smaller model,
OPP-M25, is the smallest MEMS based optical pressure sensor available on the market today, and is
used in a wide variety of medical applications, including: cardiovascular, intracranial, intrauterine,
intraocular, intervertebral disc, urodynamic, and compartment pressure measurements. The optical
sensor is immune to interference from radio frequency (RF) fields, magnetic resonance imaging (MRI)

fields, and electromagnetic radiation from electro-surgery tools.

[00123] A principal difference between the embodiment shown in Figs. 13A and 13B, and the
embodiment of Fig. 12, is that all of the pressure sensors in Figs. 13A and 13B are small enough that
they can be embedded inside of the relatively-thick sidewalls of the orifice 2105, which makes for a more

compact, and more hygienic and safer piece of instrumented equipment.

[00124] In contrast, the pressure transducers in Fig. 12 are mounted outside of the orifice.

[00125] Fig. 13B shows another embodiment of an instrumented nipple for an OMK system 2213,
comprising a calibrated flow orifice 2102 inserted into the standard flow/exit hole 2104 at the tip of the
nipple. Fig. 13B is identical to Fig. 13A, except that the orifice in Fig. 13B comprises a necked-down
region that creates a much higher flow velocity in the straight test section (i.e., the gauge length/section).
The smaller diameter of the necked-down region, coupled with the higher flow velocity, results in a much

higher pressure drop, AP, =Py-P,and AP;4=P; - P,.

[00126] The dimensions (length and diameter) of the necked-down region in Fig. 13B, and the
larger diameters of the inlet and outlet of the orifice insert can be adjusted and optimized to produce a
larger (or smaller) pressure drop, as needed, to better match the typical fluid flow rates generated by an

infant during an oral feeding session.

[00127] Fig. 13C shows another embodiment of an instrumented nipple for an OMK system 2215,

comprising a calibrated flow orifice 2102 inserted into the standard flow/exit hole 2104 at the fluid delivery

21



WO 2014/015180 PCT/US2013/051148

opening of the nipple. Fig. 13C is identical to Fig. 13B, except that the orifice in Fig. 13C comprises a
Venturi-type necked-down region that creates a much higher flow velocity in the compressed region.
With the Venturi-type geometry, the pressures are measured at different locations that in Fig. 13B.
However, the pressure drop equations are the same, i.e., AP, =P;-Pand AP3;4=P3;—P4. Ina
Venturi-type flow rate sensor, the volumetric flow rate, Q, is proportional to the square root of the

pressure drop A Py,

[00128] Fig. 13D shows another embodiment of an instrumented nipple for an OMK system 2218,
comprising a calibrated flow orifice 2102 inserted into the standard flow/exit hole 2104 at the tip of the
nipple. Fig. 13D is identical to Fig. 13C, except that the orifice 2102 in Fig. 13D comprises a compressed,
funnel-shaped, flow channel that creates an even greater flow velocity at the exit of the compressed end
of the orifice. The use of a compressed, funnel-shaped flow channel design for the calibrated flow orifice

insert will generate higher pressure-drops across the orifice that result in accelerated flow (4x) 2111.

[00129] Fig. 14 shows other embodiments of an instrumented nipple for an OMK system 2300,
comprising a fluid flow rate sensor 2303 mounted inside of a nipple, placed close to the rounded tip 2307.
The OMK nipple has been modified to provide a plurality of injection-molded features (e.g., indentations,
protrusions, shoulders, bumps) to support and grip the flow sensor’s housing {which can be cylindrical).
The molded indentations in Fig. 14 can be continuous circumferentially; or, alternatively they can be

discontinuous circumferentially.

[00130] In the embodiment shown in Fig. 14, the molded shoulder tabs/wings/grips 2309 are
discontinuous in the circumferential direction. During installation of the flow sensor, this feature
(discontinuous tabs/wings/grips) allows the nipple’s neck to be temporarily stretched/pulled radially
outwards. This opens up the molded grips radially, and permits the flow sensor to be inserted into the
nipple and past the tabs/wings/grips, as far as possible towards the tip. Then, after the releasing the
neck, the tabs/wings/grips contract radially inward and grab/hold onto the sensor. In an alternative

embodiment the molded shoulder grips are absent.

[00131] In some embodiments, the bottle nipple is modified to make it easier to use with
miniature/micro pressure sensing catheters (e.g., Millar transducers, where the pressure sensing
transducer plate(s) are mounted at the distal end of a small diameter (e.g., less than 1 mm dia.) catheter).
The bottle nipple is modified so that the nipple has a section comprising thicker {i.e., thickened) sidewall
located on the hard palate side (i.e., the side that would be against the infant's hard palate), and a
normal-thickness sidewall on the side facing the infant's tongue. One or more channels or tunnels are

disposed within the thickened sidewall section. The thickened sidewall makes the nipple slightly
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asymmetric {non-symmetric) with respect to the nipple's central axis. The tunnel also contains any parts
of a pressure-sensing catheter that might come loose, and prevents those parts from being swallowed or
inhaled by the infant. A disadvantage of inserting the pressure transducers within the tunnels is that the
amplitude of the pressure signal will be reduced (dampened), as compared to the externalized
transducers that are covered with the thin Silastic sheath (as shown in Fig. 1). They will be externalized at

the base of the nipple, like it is currently done (see Fig. 1).

[00132] Fig. 22A shows a cross-section view through an asymmetric nipple 3200, illustrating a

tunnel 3201 disposed inside of a thickened sidewall on the hard palate side. A pressure-sensing catheter
with a transducer plate 3204 located at the distal end of the catheter 3203 can be inserted into the tunnel
3201. In this configuration, the use of a protective Polyethylene (PE) or Silastic tubing sheath around the

pressure-sensing transducer is not required, because it is protected within the tunnel.

[00133] Alternatively, the tip of the second tunnel is closer to the base, than the first tunnel shown

in Fig. 22A. By comparison, the tip of the tunnel in Fig. 22A is closer to the tip of the nipple.

[00134] Fig. 22B shows a side view of the asymmetric nipple 3200, with hidden lines indicating
the locations of the tunnels 3209 for holding the pair of Expression pressure transducers, PT,3205 and

PT, 3207, respectively.

[00135] Fig. 22C shows the cross-section 'A-A’ of the asymmetric nipple 3200, showing the
thickened wall 3211 containing two tunnels (holes) 3213 and 3218. In this example, the tunnel on the left
has a pair of signal wires 3219 leading to/from a pressure transducer (e.g., PT, (not shown)), and the right

tunnel containing a pressure transducer head 3215 (e.g., PTy).

[00136] Fig. 22D shows the cross-section 'A-A' of another asymmetric nipple 3200, showing the
thickened wall 3211 containing two channels 3218 and 3213. The channel on the left 3218 has a pair of
signal wires 3219 leading to/from a pressure transducer (not shown) (e.g., PT,), and the right channel
containing a pressure transducer head (e.g., PT,). In this example, the channels are open towards the
inside of the nipple. After laying (placing) the catheters inside the open channels, the channels can be
closed /secured 3221 by a number of different ways, for example: closing the opening with a piece of

tape, or filling/caulking the channel with a flexible adhesive filler material (i.e., silicone).

[00137] Alternatively, the channels are open towards the outside of the nipple. After laying

(placing) the catheters inside the open channels, the channels can be closed /secured by a number of
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different ways, for example: closing the opening with a piece of tape, or filling/caulking the channel with a

flexible adhesive filler material (i.e., silicone).

Stand-Alone Flow Rate Sensor Module

[00138] A second class of flow rate sensors comprise one or more sensing elements contained
inside a stand-alone flow rate module that is separate from the nipple, and positioned somewhere in-
between the fluid reservoir (i.e., milk bottle) and the nipple. Preferably, the flow rate module can
measure, as a function of time, the instantaneous velocity or volumetric (or mass) flow rate of fluid flowing
into (or out of) the interior volume/space of the nipple. Since the flow rate module is further removed (2-4
cm) from the nipple tip, the measurement of flow rate (and, hence, bolus volume per suck) is a less-direct
measurement. Allowing for changes in the internal volume of the nipple when compressed during
Expression, the flow rate module should be able to measure negative fluid velocities (milk travelling in the
opposite/backwards direction). Likewise, any numerical integration algorithm used to calculate the bolus
volume per suck should be able to account for some period of time during a suck when the fluid velocity

may be negative.

[00139] The flow rate module can utilize any of the wide variety (presented earlier) of methods,
devices, and structures that are capable of measuring properties of a fluid in motion (and, hence,
volumetric or mass flow rate), including, but not limited to: pressure differential/drop across a flow
discontinuity/restriction {e.g., Venturi, calibrated orifice (AP), ultrasonic, thermal flow technique (e.g., RTD
thermistor, hot-wire technique), MEMS micromachines, electrochemical techniques (electrolytes,
electrical admittance, Lab-on-a-Chip), MEMS Coriolis-effect flowmeter (resonant tube), semiconductor

field effect, Particle Image Velocimetry (P1V), and flow-based laser/optical techniques.

[00140] A stand-alone flow rate module can have a generally cylindrical shape, and comprises at
least one flow channel connecting a back end to a front end, for transferring fluid from the bottle to the
nipple. The stand-alone module also comprises a flow rate sensing means for measuring the fluid's
velocity and/or flow rate inside the at least one flow channel. The flow channel can have a necked-down
or compressed region with a higher fluid velocity, where pressure drop measurements are made. The flow
rate module can optionally comprise electronic means for wirelessly transmitting the measured and/or

transformed data to a remote receiver (i.e., a laptop computer, a smart phone, or tablet).

[00141] Fig. 15A shows a cross-section, exploded view of an embodiment of a flow rate module
for an OMK system, according to the present invention. Fig. 15B shows a cross-section view of the

assembled components. An elongated crown ring 2403 screws onto the neck of the bottle 2401, thereby
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compressing the nipple 2406, the flow rate module 2405, and an O-ring seal 2402, against the flat end of
the bottle’s neck (Fig. 15B).

[00142] Fig. 16 shows a cross-section, exploded view of another embodiment of a flow rate
module for an OMK system 2500. The flow rate module (preferably wireless) 2507, sits inside of
transition piece/adaptor 2505 that has internal screw threads 2503 at back end that mates with the bottle
2401, and that has external screw threads 2507 at the front end that mates to the nipple 2406 (held by
the crown ring 2403).

[00143] Fig. 17A shows a cross-section, exploded view of another embodiment of a flow rate
module for an OMK system 2600. The flow rate module 2601 (preferably wireless) has an integral
circular flange 2603 at the front end that mates with the nipple 2406 (held by the crown ring 2403). The
flow rate module 2601 itself has a slightly less outer diameter than the inner diameter of the bottle’s neck,
which allows the flow rate module to slip inside of the bottle’s neck. An O-ring seal 2607 is disposed in-
between the module’s circular flange 2603 and the flat end of the bottle’s 2401 neck. Fig. 17B shows the

assembled components, which is a very compact assembly.

Alternative Concepts for Measuring Flow Rate

[00144] Other techniques can be used, in addition to, or in place of, a stand-alone or nipple-
integrated flow rate sensor module or device. For example, the change in weight of liquid inside the
reservoir {bottle) can be measured before and after a single suck, to get the bolus volume per suck. Or,
the change in height of the liquid column inside the reservoir (bottle) can be measured, with the difference
being proportional to the volume (bolus) of liquid lost during a single suck. The change in weight (AW)
can be measured by using a sensitive pressure transducer at the bottom of the bottle to measure small
changes in pressure (weight of the fluid above the pressure transducer) when liquid is removed from the

bottle during feeding.

[00145] Alternatively, the change in internal air pressure (increase in vacuum level) inside of a
sealed bottle (i.e., no one-way, anti-vacuum valve) can be measured with a sensitive pressure transducer
placed at or near the top of the bottle. The removal of a bolus of liquid during a single suck creates an
incremental change in the vacuum pressure level (via the relationship PV = NRT), which can be
measured, in real-time, by the pressure transducer. Once a particular bottle’'s geometry has been
calibrated (and assuming a bottle with a constant cross-section along its length), then the drop in internal
air pressure measured by the pressure transducer, in real-time, will correlate directly to the volume of

liquid removed, in real-time, from the nipple. This technique was used by Jain, ef. al. (18).
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[00146] Alternatively, the change in height (AH) of the liquid column inside the bottle can be
measured by a laser beam liquid level sensing system, or by an ultrasonic liquid level sensing system,
along with the appropriate electronics and hardware/software data analysis equipment. To get more
accurate measurements of change in height of the liquid column, the system can optionally include: 1) an
anti-slosh structure inside the bottle {e.g., a bundle of straws or small diameter tubes, or a sponge, which
damps unwanted waves/sloshing), and/or 2) a MEMS-based horizontal level detector/indicator mounted
to the side of the bottle, for indicating when the bottle is being held vertically (via a buzzing sound, or via

LED signal lights, or via a liquid crystal numeric display indicating the bottle’s tilt angle in degrees).

Integrated Wireless Instrumentation Module

[00147] With the Integrated Chip (IC) technology available today, it is possible to fabricate a
compact, miniaturized, integrated wireless instrumentation module {IM) that fits snugly into/inside of the
base of a standard nipple, which incorporates an integrated microprocessor, A/D convertors, flow sensor

and pressure transducer electronics, battery, transmitter, and antenna.

[00148] Fig. 18 shows an embodiment of an instrumented nipple 2700 comprising a compact,
miniaturized, integrated wireless instrumentation module (IM) that fits snugly into the base of a standard
nipple 2710. The wireless IM can comprise one or more of the following instruments: 1) a flow rate
sensor 2705, 2) pressure transducer(s) 2701, 2702, 2703 and electrical leads to the module, 3)
microprocessor 2704, 4) battery 2707, 5) transmitter 2706, 6) antenna 2709, and 7) mounting plate 2708.
The wireless IM can transmit data via, for example, Bluetooth 2711, to a BioPack data collection unit
2713; an iPad 2715; or laptop computer, etc. A flexible metal bellows 2717 can be used to permit flexing
(bending) of a tube connecting the flow rate sensor 2705 component with the exit hole at the nipple’s tip
2713.

Optical Instrumentation

[00149] In some embodiments, an OMK monitoring system can comprise a micro-sized video
camera (not shown) (i.e., CCD or CMOS) device mounted at, or near, the nipple tip 2713 for viewing into
the infants’ mouth. Also, a miniature LED light source (which can be an infrared source) can be mounted

at, or near, the nipple’s tip for providing illumination of the infant's mouth and oral cavity.

[00150] Fig. 19 shows an embodiment of an instrumented nipple for an OMK system 2800, where
the LED light source 2801 is integrated/combined with the micro-sized video camera as a single miniature
component. The combined video/light component can be held in place, for example, by one or more

internal grips (bumps, shoulders, or shelves) 2803 that are integrally molded along with the silicone nipple

2804 as a single, monolithic, unitary body. Optionally, the video camera can detect IR light (in addition to
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the normal visual light). The combined video/light component can optionally have a central flow channel

2805 for carrying fluid (milk) out through the nipple’s tip (which is now enlarged).

Acoustic Instrumentation

[00151] In some embodiments, an OMK monitoring system can comprise one or more
microphones or acoustic transducers inside and/or outside of the nipple for generating and/or listening to
and/or recording acoustic sounds from inside of the nipple or inside of the infant’s oral cavity during
feeding. Analysis of these sounds may be correlated to the different types of oral feeding techniques (i.e.,
Suction and Expression), and may be correlated to other sounds (sounds of swallowing or

breathing/respiration).

Temperature Instrumentation

[00152] In some embodiments, an OMK monitoring system can comprise one or more means for
measuring temperature inside and/or outside of the nipple (e.g., inside of the infant's mouth during
feeding). The means for measuring temperature can include, for example: thermocouples,

thermistors/RTD strips on a substrate, and IR camera/CCD chips.

[00153] Fig. 20A and 20B illustrates feeding from an instrumented nipple over time. Fig. 20A
illustrates the tpeak base measured from the Ptip and the tpeak base measured from the Pbase
illustrates, the compression-only mode of the Expression component of sucking when the peaks align as
shown. In contrast Fig. 20B illustrates the “compression plus stripping” mode of the Expression
component of sucking when an offset of the tpeak base measured from Ptip when compared to tpeak

base of Pbase as shown.

[00154] Fig. 21 illustrates a flow chart used in combination with the OMK system to determine

whether the infant is expressing compression only action or stripping action.

Fabrication of Suction Channel

[00155] Fig. 1 shows a section of stiff polyethylene (PE) tubing disposed inside of a nipple, going
from the base to the tip of the nipple. This section of PE tubing is called the "Suction Channel". A
pressure sensor transducer catheter, for measuring the intra-oral Suction pressure, is inserted inside the

PE tubing, which serves as a protective sheath/guide for the sensor's signal wires.

[00156] An example of a method of fabricating the Suction Channel is as follows. The Suction PE

tubing is pre-inserted at the 'factory' in a constant {repeatable) manner using a block template with a pre-
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formed/pre-cast channel into which the PE tubing will be inserted via a "curved needle", such that the PE
tubing will be always in the same position in relation to the inside and outside of the tubing vs. the nipple
hole. The PE tubing is inserted with a trocard/wire to maintain patency of PE tubing when the transducer
is inserted. At the time of use:

1) Remove trocard/wire;

2) Insert Pressure Sensor transducer;

3) Use blue Luer-lock to tighten in place.
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CLAIMS

What is claimed is:
1. A system for monitoring oral motor kinetics in an infant comprising:

a nipple comprising a first pressure transducer and a second pressure transducer for
detecting pressure when the nipple is placed in the mouth of an infant;

a processor in operational communication with the first pressure transducer and the
second pressure transducer of the nipple for processing a signal from the first pressure transducer and
the second pressure transducer to provide information about the infant’s oral motor kinetics when the

nipple is in the infant’s mount.

2. The system of claim 1 wherein the nipple comprises a third pressure transducer located at a

distance L, from the second pressure transducer on the nipple long axis.

3. The system of claim 2 wherein the processor is in operational communication with the third
pressure transducer for processing a signal from the third transducer to provide information about the

infant's oral motor kinetics when the nipple is in the infant’'s mouth.

4, The system of claim 2 wherein the second pressure transducer and the third pressure transducer
are located within a tube positioned at least partially on the exterior of a neck of the nipple such that the

tube would be in contact with the mouth of the infant when the nipple is in use.

5. The system of claim 2 wherein the second pressure transducer and third pressure transducer are
each a pressure transducer measuring the positive pressure exerted by the Expression component of

sucking when the tongue compresses and/or strips the nipple against the hard palate.

6. The system of claim 1 wherein the first pressure transducer is located at the distal tip of the
nipple.
7. The system of claim 2 wherein the second pressure transducer is located closer to a base of the

nipple as compared to the position of the third pressure transducer which is located closer to a tip of the

nipple as compared to the position of the second pressure transducer.

8. The system of claim 1 wherein the first transducer is a pressure transducer measuring the

negative intraoral pressure exerted by the Suction component of sucking.
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9. The system of claim 2 wherein the distance L, between the second pressure transducer and the

third pressure transducer is between about 0.1-3 cm along the long axis of the nipple.

10. The system of claim 1 wherein the nipple is selected from a nipple shield, a finger of a glove, a

pacifier or a nipple of a feeding bottle.

11. The system of clam 1 wherein the processing by the processor is selected from the group

consisting of receiving, storing, displaying, analyzing and transmitting.

12. The system of claim 1 wherein the processor is operatively connected to a display for displaying

the signal from the first pressure transducer and the second pressure transducer.

13. The system of claim 2 wherein the processor is operatively connected to a display for displaying
the signal from the first pressure transducer, the second pressure transducer, and the third pressure

transducer.

14, The system of claim 1 wherein the operational communication of the processor to the first

pressure transducer and second pressure transducer is wireless.

15. The system of claim 2 wherein the operational communication of the processor to the third

pressure transducer is wireless.

16. An instrumented nipple comprising:
a first pressure transducer and a second pressure transducer associated with the
instrumented nipple for detecting pressure when the instrumented nipple is placed in the mouth of an

infant wherein the first pressure transducer is located at the tip of the nipple.

17 The instrumented nipple of claim 16 wherein the first transducer is a pressure transducer

measuring the negative pressure exerted by the Suction component of sucking.

18. The instrumented nipple of claim 17 wherein the second pressure transducer is a positive

pressure transducer for measuring the Expression component of sucking.

19. The instrumented nipple of claim 18 wherein the second pressure transducer is associated with a

neck of the instrumented nipple.

32



WO 2014/015180 PCT/US2013/051148

20. The instrumented nipple of claim 19 further comprising a third pressure transducer located on the
neck of the nipple at a distance of between about 0.1-3 cm from the second pressure transducer on the

nipple’s long axis wherein the third pressure transducer is a positive pressure transducer.

21. A method for evaluating an infant’s oral motor kinetics comprising:

inserting an instrumented nipple according to any one of claims 15-19 into the mouth of
an infant;

detecting the infant’s oral motor kinetics by the activation of a pressure transducer of the
instrumented nipple according to any one of claims 16-20 from the pressure provided from within the
infant’'s mouth causing activation of the pressure transducer; and

analyzing the signal received from activation of the pressure transducer to determine the

oral motor kinetics of the infant during sucking.

22. The method of claim 21 wherein analyzing the signal includes measuring over time the pressure
at the second pressure transducer and the third pressure transducer located in the neck of the nipple to

determine the mode of Expression.

23. The method of claim 20 wherein the oral motor kinetics is non-nutritive sucking when the nipple is

a finger glove or a pacifier.

24, The method of claim 21 wherein the nipple is a nipple attached to a feeding bottle delivering fluid

to the infant during nutritive sucking.

25. The method of claim 21 wherein the nipple is a nipple shield placed on a breast delivering milk to

the infant during breastfeeding

26. The method of claim 21 wherein the instrumented nipple of claim 19 measures a characteristic of
sucking selected from the group consisting of the duration of the sucking action, the amplitude/force
{(mmHg) of the Suction and Expression components of the sucking action, the duration of the individual
Suction and Expression component of sucking and the number of Suction and Expression per sucking

burst.

27. The method of claim 21 further comprising analyzing the Expression component with the

instrumented nipple to identify compression and/or stripping signals.
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28. The method of claim 21 further comprising monitoring the amount of fluid delivered to the infant

from the nipple.

29. The method of claim 21 further comprising monitoring a clinical parameter selected from the

group consisting of heart rate, oxygen saturation, respiration, and esophageal activity.

30 An instrumented nipple for measuring infant feeding performance comprising:
a nipple having a tip, and a base connected via a neck wherein the tip contains a nipple
exit hole through which fluid exits when the base of the nipple is securely connected to a bottle of fluid;
wherein the nipple exit hole comprises a calibrated flow orifice insert having a diameter D, and a
length L, wherein a calibrated flow orifice directs all fluid exiting the nipple past a first sensor transducer
and a second sensor transducer of the calibrated flow orifice to detect pressure change as the fluid

passes through the calibrated flow orifice insert of the instrumented nipple.

31. The instrumented nipple of claim 30 wherein the first sensor transducer is located at the inlet of

the calibrated flow orifice or inside of the calibrated flow orifice near the inlet.

32. The instrumented nipple of claim 30 wherein the second sensor transducer is located at the outlet
of the calibrated flow orifice or inside of the calibrated flow orifice near the outlet without protruding into

the mouth.

33. The instrumented nipple of claim 30 wherein the first sensor transducer and the second sensor

transducer are embedded in the sidewall of the orifice.

34. The instrumented nipple of claim 30 wherein the calibrated flow orifice remains unchanged during
sucking.
35. The instrumented nipple of claim 30 wherein the calibrated flow orifice further comprises an

internal flange with a large diameter that fits within the nipple at the nipple tip to prevent the calibrated

flow orifice insert from exiting the nipple exit hole.

36. A method of measuring infant feeding performance comprising:

measuring the fluid flow rate of fluid to an infant delivered with an instrumented according
to any one of claims 30-35 wherein the difference in pressure between a first pressure transducer (P1)
and a second pressure transducer (P2) is proportional to the square root of the pressure drop, AP4,=P1-

P2.
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37. An instrumented nipple for use with an Oral Motor Kinetics (OMK) monitoring system comprising:
a nipple and a pressure sensitive pad attached to the nipple wherein the pressure

sensitive pad comprises a two-dimensional (2-D) array of pressure sensitive elements capable of

providing a plurality of real-time electrical signals representing a time-dependent, two-dimensional (2-D)

distribution of pressure forces applied to the nipple by an infant.
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