wo 2010/068588 A2 |11 0K 0 OO OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization /g [} 1M1 AN 000 1.0 OO0 0 O O
ernational Bureau S,/ ‘ 0 |
. .. _ S (10) International Publication Number
(43) International Publication Date \,!:,: o
17 June 2010 (17.06.2010) WO 2010/068588 A2

(51) International Patent Classification: (74) Agents: WHITHAM, Michael E. et al.; Whitham, Cur-
A61B 5/00 (2006.01) A61B 5/08 (2006.01) tis, Christofferson & Cook, P.C., 11491 Sunset Hills

A61B 5/103 (2006.01) Road, Suite 340, Reston, VA 20190 (US).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/US2009/066969 kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
7 December 2009 (07.12.2009) DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(25) Filing Language: English HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
. KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(26) Publication Language: Enghsh ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(30) Priority Data: NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
61/121,306 10 December 2008 (10.12.2008) Us SE, 8G, SK, SL, SM, ST, SV, 8Y, TJ, TM, TN, TR, TT,

TZ,UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant (for all designated States except US): VIR- . .
GINIA COMMONWEALTH UNIVERSITY [US/US], (84) De51gnated States (unless otherwise indicated, fO}" every

800 E Leigh Street, Richmond, VA 23298 (US). kind of regional protection available): ARIPO (BW, GH,

GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

(72) Inventors; and ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
(75) Inventors/Applicants (for US orly): PICKLER, Rita, H. TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
[US/US]; 2403 E. Grace Street, Richmond, VA 23230 ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
(US). WETZEL, Paul, A. [US/US]; 11940 Rexmoor MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
Drive, Richmond, VA 23236 (US). TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: INTEGRATED INSTRUMENTATION SYSTEM AND METHOD FOR ASSESSING FEEDING READINESS AND
COMPETENCE IN PRETERM INFANTS

(57) Abstract: An objective, automated approach for the detection and

smﬁ Jrebs i Diil fg:ifg'g?q?;s identiﬁc.atio.n of the suck, swallow raisl breathe pgrameters, Which ap-
e | proach is vital for successtul feeding in preterm infants during bottle
feeding. Au instrumentation system measures and processes of suck,

Fropmacsoing 0 swallow, and breathe waveforms The analog signals are digitized by ana-
i = 505 log-to-digital (A/D) converters. A robust method based on correlation
e * TP 3 techniques and matched filters is used to detect and identify individual
BREATHE 700 SWALLOW occurrences of suck, swallow and breathe. The results of the correlation
L O L I | { method results m an occurrence matrix which contains the start time of
o | e | sgsr e the detected event (suck, swallow and/or breathe), the correlation coetfi-
~ o il cient, or probability of certainty and duration of the suspected event. The
5032_/{ spage] (R0 Bend occurrence matrix is then psed as a measure of coordination sucks swal-

T low and breathe to determine feeding readiness and competence.

5033 50431

-

it Cutput
5052 % "

soag]  Outedt 50id-

Check for Q7
Dverlaps

Final. | ~508
Osdfrin

Figure b




WO 2010/068588 A2 I W70 0 )00 U0 0 T AU

Published:

—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2010/068588 PCT/US2009/066969

INTEGRATED INSTRUMENTATION SYSTEM AND
METHOD FOR ASSESSING FEEDING READINESS
AND COMPETENCE IN PRETERM INFANTS

DESCRIPTION
3 BAUKGROUND OF THE INVENTION
Field of the Invention

The present invention generally relates to an ntegrated
mstrunentation system o measure preterm infant behavior duwring bottle
feeding and a method for assessing feeding readiness and competenve in

10 pretermy infants, and more particadarly to an instriomentation system thit
allows the measurement of suck, swallow, breathe and cardiac wavelorms
and processing of the waveforms to provide an objective, mtomated

assessment of feading readiness and competence in preterm infants.

Background Description

-
L3

Competence at feeding is 3 criterion for hospital discharge for
infunts who are bom preterm. Onee physislogical stability has been
attained, a major challenge for preterm infants js achievement of oral
feeding comipetence. Rucking activity 15 0ften used as an indicstor of
feeding readiness, Assisting the preterm infantachiove bottle-feeding
20 conypeteres is a primary responsibility of the nursing staff. Despite thia
responsibility, there continues o he g pateity of information available to
support rses in their deciston making regarding pretermy infant foeding,
Clonventional wisdom v many nurseries follows numerous reports that

safe bottle feeding is dependent on suck-swallo-breathe coordination;

Bl
[

howover, suck-swallow-breathe conrdination has nof bees coreelated with
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actual feeding performance. Moreover, fow nurseries Huve specific policies

governing the hutiation or progression of bottle-feedings.

SUMMARY OF THE INVENTION

5 tis therefors an object of the present Invention to provide an
objectives automated approach for the detection and identification of the
suck, swallow aud breathe parameters, which approach is vital far
successiul feeding in proterm infants dudang bottls feeding.

This invention allows for sasy measurement of the main

res
o)

components of feeding activity: sucking, swallowing, and breathing.
According to the invention, there is provided an instrumentation syster
that allows the wessurement and processing of suck, swallow and breathe
waveforms, These waveforms are amplified and processed. The analog

signaly from the integrated instrumentation systeny are first sampled and

15 digitized by an analog-to-digital (A/D) converter at a rate of 1,000 samples
porsecond. The sampled data from individual charmels of suok, swallow
and breath are then digitally stored for later analysis. A robust method
based on comrelation techniques and matched filters is used to detect and
ety individual cconrrences of suek, swallow and bresthe, The

20 correlation msthoed hrvolves methads of up and down sampling to acoount

for differenves betwesn waveform duration compared to the representative

signal of intergst. The resulis of the correlation methad resalts v an

oocurrences matrix which contains the staet time of the detected event

{suck, swallow andior breathe), the correlation coefficient, or probability

[
L

of certatnty sud duration of the stepected event. The ocolrrence matriy is
then used a3 a measure of coordination of suek, swallow and Wweathe th

defernite feeding readiness and competence.
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BRIEE DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspeots and advantages will be
better understood from the following detailed deseription of a preferred

embodiment of the invention with reforence to the drawings, in which:

Ty

Figure 1 is a block diagram of the instrumentation system
accarding to the invertiong

Figure 2 is a schamatic and block dlagram showing the details of
the sack measurement civcuitey;

Figure 3 is 3 schamatie and block dingram showing the details of
i the swallow measerement circuliry;

Figure 4 is a schematic and block diagram showing the details of
the breathe measurament circaitry; and

Figure § is a flow diagram of the implementation of the suck,

swallow and breath algorithms sccording o the invention,

nak
(¥4

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now 1o the drawings, and more particularly tn Fignre 1,
there ix shown s block diagrsam of the instrimentation system. As seety in
the block disgram, fhe instrumentation systen s vomposed of individaal

20 spectalized circnits for the measurement and processing of suck, swatlow,
and breathie, More particilarly, there is provided a pierocleciric sonsor pad
101 to detect suck, and another piozeclectric sensor pad 201 to deteot
swallow. A therostor bridge civenit 301 is used to detect breathe, To

mintmze the effects of noise, the fromt end of each sensor is differsntially

[ %]
1

amplified with fixed but progranmumable gain. Specifically, a suck
instrumentation differential smplificr 102 receives the output of the suck

mezoslectric sensor pad 101, a swallow instrumentation differensial

o

amplifier 202 receives the outpat of the swallow plezosiectric sensor pad
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201, and a breathe mstrumentation differcatial amphifier 302 roceives the
vutput of the braathe thermistor bridge cirant 301 The sulpuis from the
other i fferentiul amplifiers 102, 202 and 302 are then spplied {o

mdividual isolation anplifiers 103, 203, and 303, respectively, which

¥ 1%

provide electrical isolation from grovnd. The cireuitry described thus far
sonstitutes the isolated civeutt side of the instramentation system,
The outpuis ofeach isolation waplifier 103, 203, and 303
corresponding respectively to suck, swallow and breathe signals are then
applied to an additonal amphification stage 104, 204, and 304 followed by
10 mdividuad active low pass filters 108, 205, and 305, respectively.
Additional buffer amplifiers and Tow pass passive filters 106, 206, and
300, respeatively, are then used to minimize any additional rempant noiss
associated with an solated DOHo DO power supply,
A DC o BC power supply converter 401 provides jsalated

15« wvoltages, +Vs, - Vs, and conunon, to isolated voltage regitators 404
which, it ¥s used 0 provide power for the fir stage differential
amplifiers 102, 202, and 302 and the isolation amphifiers 103, 203, and
303, Thix selated power sourco provides a high Tevel of patisnt safery by
isolating all patient convections and references from ground. A single

20 valtage medical grade power supply 402, powered by & medical grade
imolation transformer 403, provides power to the instnumentation systen.
The voltage from the power supply 402 is apphied to the I 1o DC power
supply converter 401 and, w addivion, is applied 1o voltage regulators 403
which cregtes a regunlated negative voltage, The voltages from voltage

25 regulators 403 ave then used to power the non-isolated Clircuitry,

Analog signels from the instrumestation system are finst samipled

and digitized by anslog-to-digital (A/D) converters 107, 207, and 307 at a
rate of 1,000 samples per second. The sampled data from individual
channels of suck, swallow, and hreathe are then digitally stored i data

3 stovage deviee 400 for Tater analysis. Any multi-channe! analog fo digital

converter can by used to digiiize the required signals of interest, To
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provide suificient time resolution all signals ave ssmpled at a rate of 1,000

sanypes pat second at & minimum resolution of 12 bits or higher. The
sampled data are stored on a bard drive 400 in 16 bit binary format for latet
processitig and gnalvsis,

The suck measurement circait is show in more detail in Figure 2,
This cironit s comprised of 3 piezocleetric sensor pad 101, a precision,

high gain instrumentation amplifier 102, an isolation amplifier 103, 2
seeond stage tverting amplifier 104, an active low pass active filter 105, o
vorllage follower buffer circuit 106, and 2 final stage Tow pass passive filter
W07, In the preferred embodiment, the piezoelectric sensor pad 11 i8
manufactured by Dymedix Corporation of Shoveview, Minnesota;
however, other equivalent sensors may be used in the practice of the
invention. In the preferred emubodiment of the invertion, the high gai
instrumentation amplifier 102 is s model AD324 asplifier manafaciuved
by Anatog Devices of Norwood, Massachusetis; bowever, other equivalent
amphifiersmay be used in the practice of the invention, I the preferved
enthodiment of the invention, {solation amplifier 103 is model ISO 124P
amplifier manufactored by Texas Instruments of Dallas, Texas; however,
other equivalent amplifiers may be used in the practive of the invention. It
the preferred embuodiment of the invention, the operdtional amplifiers used
w second stage inverting amplifier 104, active low piiss active Blier 108,
aned buffer amplifier 106 are mode! OP177 manufachired by Analoy
Davices; bowever, other equivalent operational amplifiers may be used in
the practice of the invention. Afterthe final stage low pass filier 107, the
signal is sampled, digitized and stored for additional signal processing and
analysis.

Theowiput Jeads fromt a piesoeiectric sensor pad are diveetly
connected 1o the inverting and non-inverting input terminals of the
insitrumentasion amplifier 102 through a two conductor shielded cable
which minimizes interforence from electrical noise sources, The

instrumentation enplifier gain is set 10 1,000 vi a programmable | jumiper
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pin which maximizes the conunon mode rejection of the instrunientation
amplifier. Any offset voltage from the output of the instromentation
amplifier cant be minimized by adjustment of the trimpot offset adjustment,
The trimpot vollage is isolated from the Instrumentation reference mpat
5 pin via the voltage follower clrcuit which agsin maintiing maximum
coammon made. The outpat of the instrumentation smplifisr is thes applied
1o the mput of the Jsolatron amplifier 103 which provides electrical and
ph}fsi.cai isnlation between electrical grownd and the non-isolated reference.
18 is extensively filtered on both the isolated and non isolated sides with
inductive chokes and by-pass capacitors per manufactorer’s instructions.
The vutpat signal from the isolation amplifier 103 is then applied o g
veond stage inverting anuplifier 104 which amplifies the signa)l forther,
The amplified slgnal is then applied to a second order Jow pasy active
Buttersorth filter 1035 based on a Sallen-Key VOVS (voltage controlled
voltage source} design. The filtered signal is then applied te 2 voltase
follower cirouit 106 which buffers or isolates the active filter from 1 fingl
stage passive RC fow pass filtee 107 with a break frequency of 150 Hz
whose purpose is o remove any noise associated with the isolation
20 amplifier cireuitry, power supplies and any other ctive components prior
to data samphing, gquantization and digital storage.
The swallow measurement circuit is shown in more detall in Figure
3. This cirenit is comprised of 2 plezoetectric sensor pad 201, a prevision,
high gain instrumentation anplifier 202, an isolation amplifier 203, a
23 second stage inverting amplifice 204, an active fow pass active filter 205, a
voltage follower buffer civenit 206, and 2 final stage low pass passive Slier
207 The components used for this circnit are the same or similar to those
wsed i stek measurement eirouit shown in Figure 2 and described ahove.
After low pass filtering, the signal is sampled, digitized and stoved for
30 additional signal processing and analvsis.

The oatput leads from a pierosteettic sensor pad 201 are direotly
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connectad to the nverting and non-inverting inpul teeminals of the
instrumentation arplifier 202 through a two conductor shislded cable. The
mstrumentation amplifier gain is set to 1,000 through a progranumable

jumper which provides maximum conmon mode rejection of the signal.

" Ft

Any offset voltage from the output of nstramentation amplifier van be
nundmized by adjustment of the trimpot offset adjustment. The trimpot
voltage 1 isolated from the mstrumentation reference tput pin via the
voltage follower circudt. The vutpet of the fnstrumentation amphifier to
applied to the input of the isolation amplifier 202 which provides slectrical
Hi and physical isolation between aleetrical ground and the non-tsolated
roference. The wire leads to the plezoclectrie pad e slectrically shislded
o nuninuze noise fom electrical sources. To minimize voise due o the
internal solation amphficr cireuit the device ix extensively filtered on both
the isolated and non isolated sides with mdustive chokes and by-pass
13 capacitors per manufactorer’ s nstructions. The output sigaal from the
isolation muplifier 203 i then applied to & second stage inverting amplifier
204 which amplifies the signal further, The amplified signal is then applied
i a second order low pass active Butterworth filfer 205 hased on a
Sallen-Key VOVS {voltage controlled voltage source) design. The filtered
20 signal is then applied to a voltage follower circuit 206 which buffers or
isolates the active filier from a final stage passive RC low pass filter 207
with abreak frequency of 150 Hz whose purpose is to remove any noise
assoviated with the jsolation amplifier circutiry, power supplics and any

other active components prioe to data sampling, quantization and digital

P
Lo

storage.
The breathe measurement civcuit i shown in more detail in Figurs
4. This circuit is composed of a pracision voltage referonse 300, a bridus
/\

cirowit 301, differential amplifier 302, isolation amplifier 303, second stage

wverting wmplifier 304, an active low pass filter 303, bufler anplifier 306,

"
o,
S

and a passive tow pass filter 307, In the preferred embodinment of the

invention, the bridge circuit 301 is implemented with fast response acting
R '3 !
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thermistors model H1744 masufactured by U. 8. Sensor of Orange,
Clalifornia; however, other equivalent thermistors may be used in the
practics of the invention. The modified pediatric breathing canella which

holds the thermistor within the opening of the nose is manufactured by

o5

Selzer Medical. The several mmplifiers for this cirouit are the same or
simitar to those used i suck measwrement cirenit shown in Figore 2 and
the swallow messurement cireudl showa in Figore 3 and deseribad ahove
After fow pass filtering the signal is sampled, digitized, stoved for
additional processing and analysis.

10 The bridge ctrouit 30 consists of two tdentical fixed resistors and
two identical fast response tomperature sensitive theomistors. Together, the
combination of a fixed resistor in sedies with the thenmistor formas two
separate voltage divider circudts and both sides of the bridge civeudt, &
precision and highly stuble reference voltage 300 is used to excite and

15 provide a fixed voltage source for the bridge circult, The nasal thermistor
is monmntesd within a modified pediatdie nasal canula which holds the
thermistor st the opening of the nosa. The wire end of the thermistor is
connected hack to the bridge circeit via a shielded cable and ping, As
breathe occurs, the nasal thermistor s both warmed and cooled by air

23 flowing over the thermistor body which produces measurible changes in

esistance for all breathe behaviors. To minimize artifect due to changes in
ambient temperature and other sources of drifl, a second therstor is
mearporated into the opposing branch of the bridge cirouit, A differential

instrumantation anplifier 302 is used to measwre the voltage difference

3
(%5

between the A and B points of the bridge with respect to the isolated
reference point. The differential messirement across the bridge fucther
mninzes common artifact effects while masimiving changes due to
breath alone.

To pravide DC offtet voltage corvection o the instrumentation

LFs
7=
]

amplifier 302, a veference voltage adjustment is provided whish is bafferad

thorough the voltage follower and trimpot adjustment cirenit, To provide 8
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margin of electrical safety and tsolation from growad, the amplified breaths
signal ix then applied o the solation woplifior 303 which electrivally and
physivally isclates electrical ground from the isolated reference. To
minimize notse due to the nternal iselation ampbifier circuit, the device is

S extenstvely filtered on both the isclated and nen-isolated sides with
induchive chokes and by-pass capacitors per manufacturer’s instructions.
The molation output broathe signal is then apphied © a second stage
mverting amphifier 304 which amphifies the signal furthier. The amplified
signal 13 then appliad to & second order fow pass asctive Butterworth filer

R 305 based onta VOV (vollage controlled voltage source) design, The

fittered signal is then spplied to a voltage follower circuit 306 which
buffers or iselates the active filter fom a final stage passive RC low pags
fitler 307 with a break frequeney of 150 Hz whose purposc is o remove
any noise associated with the {solation amplifier cirowitry, power supplies

13 and any other active components prior o data sampling, quantization and.

digital storage.

Raferving pow fo Figure 5, there is shown the avtomated processing
of the suek, swallow and breath signals to provide an objecive assessment
of ferding readiness and competence in preterm nfimts.. After analog-to-

20 digital sonversion 507, the origival raw file is saved, and from it the

indwidual suck, swallow, and breathe digitized signads are extracted and
stored in a daty storage devies, such ax a computer bard drive. The
samipled data 1s separated and extracted and stored as individual files af

02,

e
s

3 The suck algorithm 503 begins with threshold determination

processing 5031 The threshold s caleulated by taking the average of all of
the data values in the suek signal for the entire duration of the feeding
{excluding stop time). The data iz then smoothed, velocity is computed,

aud trond eriteria is identified. The output from threshold \deternunation

o

30 processing 3031 is joputto a mateh flter 3032, A template of an idealize
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signal. Correfation values greater than 0.80 correspond to probable event
wentification. The sutput of the mwatch filter S032 is tnput to onsetfend
detection S033. Previously caleulated velooiny and trend criteria ave used to
estimate individual event onsets and engds, The output 30 isa l v n
binary srray whote binary ones mark cach event from snset to sud and
bhinary zeros correspond to il othar points, and # is the leogth of the signal,

The breathe algorithny 504 begins with the breath model wavefrm
3041, The breath wavetorm is modeled as the suin of two sintsolds and a
constant. (oe sinusord comprises of the actual nasal airflow signal, the
other strusold corresponds to the drift of the signal over acquisition time,
and the constant represents the DC offset. The first derivative {velocity) of
the wavetorm is caloulated snd then a low pass filter 1s applied fo ramove
high frequency noize. Then the sevond derivative (acceleration) is
calewlated, which in theory returns the nasal airflow signal in #is originagd
state with ihe baseline drift attenvated to about zero. A moving average
filter, or smoothing finction, 1s applied to the waveform, This moedeled
wavelorm serves as the input for the follewing steps. (This is an extension
of 2 methed previoushy described in the Terature for the detection of slesp
apnea.) The output of the model wavefonn is tnput to the dead band
estimation 3042, A range of the signal above and below zero ia dead
banded based on the statistical properties of the data, An initial estimation
of the dead band region is based on caleulations of half of the frst and
third quartilss. Then, in +/~ peak detection 5043, the positive and negative
srgnal peaks ave caloylated from the dead banded nasal airflow signal.
Positive poales correspond o the onset of inhalation, and negative peaks
correspond (o the onset of exhalation. The outpet 3044 {5 a2 » » binary
array where the first row corresponds the onset of inspiration, the second
row corresponds fo the onset of exhalation, and » i the length of the
sigual. In both avays the actual event onsets are marked with ones, and all
other points are zaros.

The swallow algorithm 503 incorporates a pre-trained artificial
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neural network (ANN)Y 3031 which ts vsed to detect the onsets, ends, and
duration of individual swallow events ag the digitized data is pulsed
trough. A noural network (NN) is used 1o detect the ansets, ends, and

durattom of Individual swallow gvents i the dightized data. A NNis e

53

5 advanced artifictal intelligence technology that mimies the brain’s leamning
and decision making process, A NN consists of 3 number of nodes with
“neuron” connections hetwean the nodes, Neurons ave arranged in a laver,
and the different layers of neurans, which are connscted to other nawons,
form the neural network. The manner 1n which the newons are

16 interconnected detenmines the architechure of the NN, When training a NN,

the network leams from the input data and gradually adiasts its nearons to

reflecd the desired outputs. The NN structure provides flexibility in
mapping that allows the NN o perform withom knowing the fiem of the

functton governing the inputs. In addition, NNs can adspt to changes in

St
hy

input and output, That is, if the inputs changs, the elerents of the NN can

be adiustad to continue to map the new inputs to the same output. This

feature can be highly advantageous i signal processing and pattern

recogmtion.

NNs are well sutted for variety of biosignals processing

20 applications and they are often used for pattern recognition and
classification. In addition, NNs have been shown to perforns faster and
more accurately than conventional methods of signals. NNg alses have the
ahility to solve problems that have ao algorithnre sohdion. Like the human
brain, & NN works by computational fagks: sutpuls of these are fed to

25 subsequent lavers of “neurons™ nutil the desired final output 1s achieved.
Each neurant™s oulput s given a particular weight (sometimes referred to as
the synaptic weight beoayse of its location between neurons), and the
weights combined with the computational functions of ths individual
neurons all approximate some generg! function that achizves the final

30 output. One of the primary advantages 1o using a neural network

classification approach to the swallow signal is that neural networks have
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the abality to adapt thelr synaptic waights to changes in the data in rea
time,
Traiming a network ocours by providing the system with repeated
examples of data and  waching the network to approximaie the desirad
5 tunetion. Donng wraining, the synaptic woights change-with each sxample
of the data. The application of each examiple in the training set 1s caled
ane epovh. The complete fratuing of the noural actwork eyeles through

many epocls until the outputs reach a predetermined convergence point.

Once the network has finished tuainiing, the Gual function consisting of the
G computational functions of individual nodes along with their weighis is

whatt 15 used for the clagsification of the digitized data, This process is best
sutted for reswrrent neural networks, Recurrent neural networks have at
least one feedback loop (where the output of one newron is fed back as the

wmput 1o @ previous layer's neuvon) or selifesdback lovp (where a newron’s

W
Ly

output is fed back to its wput), These feedback lonps alter the way newral
networks feam s well a8 its performance capabilities. The recurrence
intherent to recurrent networks enable thent fo provess sequentisl inputs,
making this the appropriate architecture for times series dala as it can
explore the lemporal relationships between events as a potential factor in
20 weight determination.
NNs are well documented in the literature. See, for example,

Aptovislo BA, Schravwen B, Stroobandt I, “Byent Deleciion and

locatization for small mobile robots using reservoly compating™. Newral

Networkst Aug 2008, 21{61862-71; Panakkat A, Adeli H. “Newral notwaork
23 models for carthguakes magnitude prediction using nuiltiple seisnucity
wndicators™. Futernationad Jovrrad of Newral Svstems: Feb 2007, 171y
13-33,; Ubeyli ED, “Recurrent neural networks with composite features for
detection of elecirocardiographic changes in partial epileptic patients™,

.?

Compaters in Biclogy and Medicine: Mar 2008; 38(3): 401 -1 Namikawa

L
il
<

L Tani . A model for leaming to segnisnt temporal seguences, wi

mux e of RNN experts together with adaptive variance”. Neurn!
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Neavorks: Dec 2008; 21{10) 1466-738,; and Kulkars RV,
Venavagamoorthy GK. “Generalized nearon: feedforward and recurrent
architectures”. Newrad Networks: Sep 2000, 22¢7): 1011-7.
The output 3032 i a § x5 binary sevay where binary ones mark the
5 event durations (frop onset to end), binary 2eros corvespond to all other
poinis, and » is the lengthof the signal,
Coordination detection is accomplished by combining the sutputs
5034, 3044 and SUST at 506, Al the algorithmic sutpuis are concatenated
o a4 % binary arvay where # s the lengih of the feeding signal, The
1 first vow are the suck algorithm’™s output, rows two and three are output
from the breathe algorithsy, and row four is the output from the swallow
algorithm. The columns are summed across all rows creating a
coordination veetor in which valiues greater than one correspond to

instanees of vverlapping events at $07, and their location within the vector

i5 corresporidy to their temporal foeation in the course of the foeding. Thia is
marked as the “Final Chupat™ 508,

The wave forims associated with sucking, swallowing, aud
breathing originate from brain-stem central-patiern generators that have
heen conceptualized as groups of anatomically overlapping and

2 waltifinetional groups of internearons blased to produce specific moter
behaviors. For the preterm tnfant who i3 learning to feed oralfy prior to
termn neurclogical maturation or the tern infant who is leaming to feed

arally after a disraption due to Hinesy, the critical issue involves
coordinating the independent function of the three mechanisms o a

25 smgle achivity, oral fesding, Tn order for safe oral foeding, swallowing

cannat ocour at particular times duving either sucking or breathing. For
example, if ssallowing conyrletely overlays sucking, the infant will sputter
and lose the Hguid bolus created by the suck, If swallowing acours during
the peak of inspiration, the peak of expiration, or at other Hmes when

30 intracral pressures are high, the infant will choke, Al the same time, hreath

holding {apnea} in ovder to swallow, while aveiding chuking, s also & sign
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of impratority and can lead to oxygen deprivation, A coordinated
suck-swallove-breathe pattern for a teem infant after the first fow days of
fifeis ideally 1Lt or 22201, Apreterm fnfant will take Jonger to veach this

fevel of coordination although the infant can still safely feed orally.

L)

Ter determing the coordination of the algorithmic sutpuis from
suck, swallow, breathe signals are concatenated into a 4~ binary aray
whare a is the length of the feeding signal. For example, if the feeding lasts
for 5 minuntes, pe= 300 seconds or 308 columus. The first row will be the
stk algorithm’s output in terms of component of the seck {beginming,
jE8 peak, end), rows two and three will be ontput from the breathe algorithm
again 1n term of componant of the breath (inspiration, peak, expiration),
ansd row 4 will be the output frov the swallow algorithin (beginning, pesk,
end}. The colanums will be sammed across all rows creating a coordination
veetoy i which values greater thaw ons correspond 1o insiances of

15 overlapping of eritical events, and their location within the vecior
corresponds to thedr temporal Jocation in the course of the
such-swallow-breathe setivity. A feeding will then be classified by the
degree 1o which wdeal suck-swallow-breathe activity is obtaingd, that is, the
percent of time during which 1:.1;1 coordination is noted, Feadings will

20 also be classified by suck-wwallow coordination as the coordination of
these twi events ks wore Bikely to achisve a L1 ratio before breathing
becomes coordinated.

Thng robust method based on crarelution techniques amd matched

filters ix used to detect and identify individual ocourrences of suck,

25 swallow and breathe. The results of the correlation method resulis in an
geeurrence malvix which containg the start time of the detectad event
{suck, swallne andior treathe), the corelation coefficient, or probability
of certainty and duration of the suspected event, The occurrence matix i
then used as & messure of coovdination of suck, swallow and hreathe to

3 deternmune feading readiness and competonee.

While the nvention bas been described in fermis of a single
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wn

preferred embodiment, those skilled in the @t will recognize that the
svention can be practived with modification within the spitit and scope of

the appended clains,
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CLAIMS

Having thus described our invention, what sve clainy as new and

desire fo secwre by Letters Patent i3 a3 follows:

i 1. An apparatus for assessing feeding readiness and competencs in praterm
2 infants comprising:
3 a turst sensor for connecting to an infant for detecting suck;
4 a second sensor for connscting o aninfant for detecting swallow;
3 a third seusor for connecting to an infant for detecting breathe;
6 tirsl amplification, sampling and digitizing means for avalog-to-
7 digital conversion of a signal from the first sensor;
& second amplifieation, sumpling and digitizing means for sualog-to-
g digstal converston of a signal from the second sensor;
16 third amplification, sampling and digitizing means for analog-to-
B! digital conversion of & sigoal from the thizd sensor; and
12 digital storage meany for saving original raw digital fles from the
13 first, second, thivd, and fourth amplification, sampling and digitizing
14 mueany, said digital storage means extracting and storing individual
15 digitized suck, swallow, and breath signals, the samplad data being
) separated and extracted avd stored as fndividual files in the digital storage
i7 cHnS.
1 2. The apparatus for assessing feeding readiness and competense in
2 preterm infants recited in olaim 1, further comprising
3 dutection means comtected to reccive from the digital storags
4 means digitized outputs of the fivst, second and third anyplitication,
§ sampling and digitiving msans to detect and identify individual
ol suewrrences of suck, swallow and breathe;
q gorelation means receiving the outputs of the detection weans for

8 producing an ocourrence matry condining a start tme of 1 suck, swallow
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9 andior breathe datectad event, o correlation coefiicient or probability of
mn gertainty and duvation of the event; and
i1 ouiput menns respansive to the ocourrence matrix for providing a
12 measure of coordination of suck, swallow and breathe as an indication of
13 feading readiness and competence,

1 3. A method of assessing feeding readiness and competencs in preterm

2 mfants comprising the steps of!

3 attaching first, second, and Udrd sensors to an infant to detect suck,

4 swallow, and breathe, respectively;

3 sanging and digiizing outputs of each of said frst, sceond, and

& third sensors;

7 saving original raw digital files of the digitized owtputs of the first,

& secensd, and third sensors in a digital storage device, said stop of saving

) including extracting and storing individual digitized suck, swallow, and
10 breath signals, the sampled data being separated and extracted and stored
11 as trdivideal files; and
12 asing one or mare of said digital files or individual files t assess
13 feeding readiness and competence i preterm infants,

i 4. Tho method of assessing feeding readivess sud competence in preterns

2 mlants recited in olains 3, whereln the using step inchades the steps of:

3 reading from the digital storage device digitized sutpats of the first,

4 second and third sensors to deteet and identifving individusl occurrences

5 of suck, swallow and breathe:

6 producing an veewrrence matrix containing a start thme of a suck,

7 swallonw andfor breathe detscted evant, a corvelalion codflicient ot

& probahility of certainty and duration of the event; and

9 using the occurrencs matrix 1o provide a measore of conrdination
10 of suck, swallow and breathe as an indication of feeding readiness and

1 competenoe.
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