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ABSTRACT

In thecontextof remotemedicalmonitoringofswallowing, theauthors investigate thepotential
of non-invasive respiratory inductance plethysmography (RIP) technique to automatically detect
swalloweventsinawidecontextofrespirationandphonation.Signalacquisitionswerecarriedout
on5healthyvolunteersequippedwithRIPandelectroglottographasswallowingreference.They
wereaskedforspontaneousbreathing,speakinganddiversebolusingesting.TheRIPsignalwasthen
segmentedintocycles,eachcyclebeingannotatedaccordingtooneofthethreeclassofinterest,
respectivelyventilationi.e.spontaneousbreathing(1257cycles),swallowing(221)andphonation
(216).Automatedclassificationwasperformedusingquadraticdiscriminantanalysis.Focusingon
swallowingclass,theauthorsachieveanaccuracyof79%fromthefullwideprotocol.Itincreasesup
to86%withpriorremovalofvocalizations.ThesepreliminaryresultsinhealthysubjectsmakeRIPa
promisingcandidateasanon-invasiveandconvenienttechnologyformedicalfollow-upofswallowing.
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INTRoDUCTIoN

Swallowing disorders exist at any age. However, its prevalence increases in elderly population
associatedwithanincreaseofmorbidityandmortality(Schindler&Kelly,2002).Consequencesof
dysphagiaaremultiple:pneumoniaduetoaspiration,dehydration,butalsopsychologicalproblems
suchasanxietyatmealtimesandsocialisolation(Tibbling&Gustafsson,1991).Commontechniques
usedtodetectswallowingdisordersarebasedonclinicalevaluationsuchascervicalauscultation
and gag reflex in combination with water/food swallow clinical tests and X-ray tests (Mathers-
Schmidt&Kurlinski,2003).Thegoldstandardtocharacterizeswallowingdisordersandespecially
oropharyngealdysphagiaisamethodbasedonirradiationcalledvideofluoroscopy(Fattorietal.,
2016).However, theusualclinicalevaluationsofcervicalauscultationandgag reflexhavebeen
documentedashavinglimitationsinswallowassessment(Leder,1996;Leslie,Drinnan,Finn,Ford,
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&Wilson,2004).Inaddition,videofluoroscopy,aswellasotherinstrumentalmethods(endoscopy,
scintigraphy),besidesbeinginvasive,focusesontheexaminationofthedeglutitionofonebolusand
doesnotallowadailymonitoringofswallowing.Therefore,evenifvideofluoroscopyisessentialin
thediagnosisandplanningofrehabilitationtreatmentfordysphagiaandremainsthetestofchoicefor
assessingpre-swallowingspillageandtracheobronchialinhalation,itmaybeofinteresttoinvestigate
user-friendlyandnon-invasivetechniqueswhichmayallowacomplementarylongitudinalmonitoring
ofswallowing.Thepotentialofnon-invasiveapproachinthiscontextmustalsobebalancedbythe
possibleshortcomings;thephenomenonmeasureislesswelllocatedandlesstargeted.Dataobtained
aremoreequivocalandthereforemorecomplextoanalyze.Thefirstquestionisthereforetoassess
whetheranon-invasivemethodiscompetitiveenoughtodetectdeglutitionoccurrencesinperipheral
signals.Longitudinalmonitoringofparametersfromthenon-invasivelydetectedswallows,suchas
thenumbersordurationsofoccurrences,canbeafirstanalysisofswallowingdisorders.

Swallow detection from non-invasive techniques have been investigated in many studies,
considering electromyography (Vaiman & Eviatar, 2009), microphone (Walker & Bhatia, 2011;
Golabbakhshetal.,2014),acombinationofbothsystems(Amft&Troster,2006),electroglottography
(EGG)(Farooq,Fontana,&Sazonov,2014)andaccelerometry(Sejdic,Steele,&Chau,2009;Steele,
Sejdic,&Chau,2013;Mohammadi,Steele,&Chau,2016).However,placingsensorsonthefaceor
neckcanleadtoproblemsofcomfortanduse,whichmakescomplicatedaprolongeduse.Therefore,
othertypesofcomfortablywearablesensorshavealsobeenconsidered,suchaspiezobelts(Dong
&Biswas,2016)orjacketsusingRespiratoryInductivePlethysmography(RIP)(Moreau-Gaudry,
Sabil,Baconnier,Benchetrit,&Franco,2005;Kenny,Casas,&McPherson,1989;Casas,Kenny,&
McPherson,1994;Geddes,Chadwick,Kent,Garbin,&Hartmann,2010).

RIPisanon-invasivemethod,usuallydedicatedtorespiratorymonitoring,thatcanbeinvestigated
toanalyzedeglutition,bystudyingtheimpactofdeglutitiononRIPsignal.RIPmonitorsthoracicand
abdominalcross-sectionalareachangesduringventilation,thanksto2sinusoidalwirespositioned
aroundthethoraxabovethelineofthenippleandaroundtheabdomenattheumbilicallevel.After
calibration, the combination of thoracic and abdominal signals allows obtaining the ventilatory
volume.IthasbeenshownthatRIPderivativeisaproperestimationoftheairflowsignal(Calabrese,
Besleaga,Eberhard,Vovc,&Baconnier,2007;Eberhard,Calabrese,Baconnier,&Benchetrit,2001).
Apreliminaryworkonelderlypeople(Moreau-Gaudryetal.,2005)hasdemonstratedtheinterestof
usingRIPtodetectswallowing.Moreover,severalworkshavestudiedthecoordinationofinfants’
suck-swallow-breathingpatternsusingRIP(Kennyetal.,1989;Casasetal.,1994;Geddesetal.,
2010).InGeddesetal.(2010),theauthorsshowedthatultrasoundimagingofswallowingcorrelates
wellwithswallowapneamanuallydetectedonRIPsignal.Whenstudyingtherelationshipbetween
breathinganddeglutition,itwasobservedthataphysiologicalapneaoccursasabriefclosureof
thelarynxtoprotecttheairwayfromtheaspirationofthebolusingested.Thisswallowapneacan
bedetectedaszerosegmentsontherespiratoryairflow(Moreau-Gaudryetal.,2005;Hardemark
Cedborgetal.,2010).AsRIPvolumesignalcorrespondstoairflowintegral,theswallowapneawill
resultonRIPsignalinplateausduringventilatorycycles(Smith,Wolkove,Colacone,&Kreisman,
1989;Preiksaitis&Mills,1996;Tarrant,Ellis,Flack,&Selley,1997;Terzietal.,2007;Camargo,
Ono,Park,Caruso,&Carvalho,2010;McFarland,Martin-Harris,Fortin,Hill,&Armeson,2016;
Fontecave-Jallon&Baconnier,2016).Theinducedmodificationsofthebreathingpatternarethen
mainlycharacterizedbydifferencesonRIPsignalshapes(Smithetal.,1989;Tarrantetal.,1997;
Matsuo&Palmer,2009)andbyanincreaseoftherespiratorycycleduration.Breathingpatternmay
alsobechangedbyspeech.IthasbeenobservedonRIPsignal(Binazzietal.,2006;Rochet-Capellan
&Fuchs,2013),thatwhenspeaking,breathsconsistofarapidinspirationwithaslowerexpiration
performedwithessentiallyconstantflow.Thiswill thereforeinfluencethesignalshapesandthe
physiologicalrespiratoryvariablesextractedfromRIPsignal.

Inmost studiespreviously cited (Preiksaitis&Mills, 1996;Terzi et al., 2007;Camargo
etal.,2010;McFarlandetal.,2016),RIPsignalisgenerallyusedtolocateswallowinginthe
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ventilatorycycleandtoobserveiftheswalloweventoccursduringin-halationorexhalation.
Inmostcases,nonespecificprocessingiscarriedoutonRIPsignal.Afewworkshaveproposed
todetectswallowingonRIPsignal,but it ismanuallyrealized(Kennyetal.,1989;Casaset
al.,1994;Geddesetal.,2010).Afirstattemptofautomaticdetectionhasbeencarriedoutby
(Moreau-Gaudryetal.,2005)onthederivativeofRIPsignal.Furthermore,automaticdetectionof
swallowinghasbeeninvestigatedforsomeothernon-invasivetechniques,suchasaccelerometry
(Steeleetal.,2013;Mohammadietal.,2016),chestbeltpiezo-device(Dong&Biswas,2016)
oracousticmeasurements(Golabbakhshetal.,2014).

Therefore,thepurposeofthepresentworkistoproposeanautomaticswallowingdetection
onRIPsignal,inordertoinvestigateRIPtechnologyasanon-invasiveautomaticremotemedical
monitoringofswallowingevents.Thepresentworkisapreliminarystudyonhealthyvolunteers,
which main purpose is to highlight if swallowing events can be automatically discriminated
fromventilationandspeech.Basedonawiderangeofexperimentalswallowandspeechtests,a
discriminantanalysisisconsideredforanautomaticclassificationofbreathing,swallowingand
speecheventsdetectedonRIPsignal.

METHoDoLoGy

Equipment and Protocol
DataacquisitionswereconductedinTIMC-IMAGLaboratory(LaTronche,France),inadedicated
place of biomedical research. The study was approved by the relevant ethics committee (CHU
GrenobleAlpes).Fivehealthyvolunteers(2menand3women,from22to64yearsold)participated
afterprovidinginformedconsent.Thisnumberofsubjectsiscomparableto(Dong&Biswas,2016).

Equipment: Each subject was wearing a connected Respiratory Inductive Plethysmography
(RIP)jacketaboveitsclothesandwasequippedwithamicrophoneonthejacketandtwoelectrodes
positionedontheneckeithersideofthethyroidcartilageandconnectedtoanelectroglottograph
device(Figure1).Participantswereinameal-timeseatedpositionandwereaskednottomove.

Figure 1. Experimental protocol: Subjects are equipped with a RIP jacket, an electroglottograph neckband and a microphone
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Thorax(THO)andabdomen(ABD)crosssectionalareachangeswererecordedwiththe
computer-assistedRIPvest(Visuresp,RBI,Meylan,France).During3-4minutesatthebeginning
ofeachrecording,breathingwasalsosimultaneouslyrecordedwithaflowmeter(Fleishhead
no.1, Emka Technologies, Paris, France) and a differential transducer (163PC01D36, Micro
Switch,Honeywell,UnitedStates)placedonafacemask.TheLaryngographEGG-A100device
recordedthevariationsintheconductancebetweentheelectrodes,producedbychangesinthe
natureandareaofvocalfoldcontact.TheacquiredsignalisnotedEGGsignal.Theacoustic
signalwasrecordedaccordingtoanaudiomicrophoneavailablewiththeEGG-A100device.All
signalsweresynchronouslydigitizedatarateof10000HzwithaPowerLabacquisitionsystem
andLabChartSoft-wareV7(ADInstrumentsPtyLtd).

Experimentalprotocol:Subjectswereaskedtofollowanexperimentalprotocolmadeofseveral
steps.Indeed,manystudiesintheliterature(Martin-Harrisetal.,2005;WheelerHegland,Huber,
Pitts,Davenport,&Sapienza,2011)havedocumentedthevariationintheswallowingpatternbased
onbolusvolumeandpresentation.Theexperimentalswallowtestshavedeliberatelybeenlargely
chosen(bolusnatureandsize,andtypesofcontainer)andtheprotocolalsoincludedphonationevents.

Subjectswerefirstaskedtobreathecalmlyandnaturallywiththefacemask;thisisconsidered
asthecalibrationphasenecessaryinthepre-processingtocalibrateRIPaccordingtotheventilatory
airflow. Then the mask was removed and 3 minutes of spontaneous breathing was recorded.
Consideringswallowingprotocol,theywerethenaskedtorepeat6timesaforcedswallowofsaliva.
Intervalsof30secondswerekeptbetweeneachdeglutition.Thenthesubjectdrankdifferentvolumes
ofwater(5,10,15,or100ml)inrandomorderthroughastraworbyglass.Differentbolusesof
stewedfruitwerealsoingestedinarandomorderwithaspoon(5ml)andaflask(90ml).Eachtype
ofboluswasrepeated3times.Thesubjectswereinstructedtobreathinaregularmannerbetween
eachbolus.Asmentionedinintroduction,theproposedprotocolincludedaphonationpart.Subjects
werethenaskedtopronounceandrepeat3timesshortsentencesandlongersequences.Thesubjects
wereinstructedtobreatheinaregularmannerbetweeneachphonation.

Theaveragelengthofrecordingwas35minutes.Duringeachrecordingsession,thestarting
timesofalleventsweremanuallyannotatedbytheinvestigator.Eacheventwasannotatedwithits
detaileddescriptionbutalsowithamoremacroscopiconeamongthe3maincategories(ventilation,
swallowingorphonation).

Data Pre-Processing and Labeling
EventssegmentationfromEGGdata:Inthispaper,thesegmentationofspecificeventswasprocessed
fromEGGdataasillustratedinFigure2(top),themicrophonebeingonlyusedasfurtherconfirmation
incaseofdubiousorigin(e.g.vocalizationornot)ofagivendetection.Theannotationwasperformed
underastrictconservativeapproach,inordernottofeedtheclassifierwithwronginputinformation:

• TheEGGeventswere segmentedusing signal-to-noise criterion (set to4 in the following),
thenoisevariancebeingestimatedfromcalibrationdata,inwhicharegularbreathingwithout
swallowingisinsured;

• Eachsegmentedeventwasannotatedaccordingtothemanualcommentsrecordedduringthe
experiment.Non-attributabledetectionandunwantedperturbations(strongmovement,coughing,
etc.)oftheEGGsignalweresubsequentlydiscarded.

Notethatanautomatedsegmentationalgorithm(seealso(Sejdicetal.,2009;Wang&Willett,
2003))has alsobeendevelopedbut isoutof the scopeof thispaper andwillbepresented in a
dedicatedarticle.

RIPvolumereconstruction(VRIP):ThoraxandAbdomensignalswerelinearlycombinedto
computetheventilatoryvolume,notedVRIP,thecoefficientsbeingestimatedfromaleastsquare
fitoftheventilatoryflowrecordedwiththemaskduringthecalibrationphasepreviouslydescribed
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intheexperimentalprotocol(Eberhardetal.,2001;Calabreseetal.,2007).Theobtainedsignalwas
thendividedintocycleswherecyclesstartsareestimatedfromnegativetopositivezero-crossingof
theairflow(numericalderivativeofthesignal).

Cycleclasseligibilityrule:AsshowninFigure2(bottom),eachVRIPcyclewasthenassociated
tooneofthecorrespondingthreemainclasses,respectingthefollowingrulesofeligibilitycriterion
illustratedinFigure3:

• IfthetimeintervalofagiveneventlieswithinoneVRIPcycle,thiseventisassociatedtothe
correspondingeventclass;

• IftheeventtimeintervalcrossesseveralVRIPcycles,cyclesthatarefullyincludedintheinterval
wereaffiliatedtothematchingclass.Consideringbothedgecycles,ifthepartoftheeventtime
intervalthatlieswithintheVRIPcycleisgreaterthan50%ofthecycletimelength,thenthe
sameclasswasapplied.Ifnot,thesecycleswereremovedfromtheclassificationprocess.

Figure 2. Schematic description of the proposed approach. Top: for each subject independently, events are manually segmented 
from EGG data. Bottom: by matching time frames, each cycle on RIP volume signal (VRIP) is associated to one of the three 
defined class: ventilation (no detection on the EGG signal), swallowing or phonation. The set of annotated VRIP cycles is then 
used as input for classification.

Figure 3. Example of eligibility criterion for VRIP cycles. Left: the EGG event time interval lies within one VRIP cycle which is 
included in the corresponding class (here swallowing). Right: the EGG event time interval crosses several VRIP cycles. Inside 
cycles are included in the class of interest (here phonation). Right edge VRIP cycle is also included because the EGG event 
occurs during most of the cycle duration (as shown by the horizontal arrow). On the contrary left edge VRIP cycle is discarded 
because the EGG event is present in less than 50% of the cycle time length.
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Eventually it ended up for the 5 subjects with a total VRIP cycle number of 221 swallows
(comparablee.g.to(Sejdic,Falk,Steele,&Chau,2010)),216phonations,and1257breathingcycles.
Figure4displaysforeachclassrandomexamplesofVRIPcycleprofilesextractedfromthecontinuous
RIPsignalofasinglesubject(namelyJF).OnecanseethatwithineachclassVRIPprofilesare
showingstrongsimilaritieswhereasexhibitingnoticeabledifferencesbetweentwoseparategroups.
AsillustratedinFigure5,prototypicalVRIPprofilesareextractedforeachclassrespectively:(i)
asmooth“Gaussian-like”shapeincaseofregularventilation,(ii)thepresenceofafullorpartial
plateauwitnessingapnea,whichisexpectedduring(non-pathological)swallowingevents,and(iii)
aspecificlinearslopeduringthebreathingoutpartofthevocalization(Binazzietal.,2006).Inthe
following,theauthorsexplorehowtheseprofilescanprovidearobustbasistoperformclassification
andautomaticdetectionofswallowingoccurrences.

PRoPoSED CLASSIFICATIoN APPRoACH

Features Extraction
Beforeproperlyapplyclassification,eachVRIPcycleneedstobedescribedwithavector(so-
called feature) as representative as possible, and which dimension remains reasonable with
respecttothenumberofsamples.Theauthorsproposeheretocombinebothphysiologicaland
morphologicalparameters:

Figure 4. Random subsets of VRIP ventilatory (left), swallowing (center) and phonation (right) cycles (taken from JF dataset). The 
vertical axis is fixed for all little squares and corresponds to 0.5 liters. The horizontal axis (in time) is normalized.

Figure 5. Prototypical VRIP profiles of respectively ventilatory, swallowing and phonation events. Two profiles of swallowing are 
shown, depending on the swallow onset (during inhalation or during exhalation). One can notice a plateau associated to apnea 
during swallowing, while phonation displays a typical linear slope during breathing out.
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• Theyhaveextracted fromeachVRIPcycle3 classicalphysiologicalvariables associated to
ventilatoryactivity: the tidalvolumedefinedas thecyclebreathed-inairvolume,aswellas
inspiratoryandexpiratorydurations;

• Moreover,agooddescriptorofventilatorycyclesmorphologyisgivenbytheso-calledASTER
vector(Bachy,Eberhard,Baconnier,&Benchetrit,1986)whichiscomputedbythefourfirst
harmonicsoftheFouriertransformoftheairflowcycles(i.e.derivativeoftheVRIPcycles).
Thismakesup8morphologicalparameters(realandimaginarypartsofeachharmonic).Another
parameterisgivenbythefractionofpowercontainedinthefourharmonics.Itrepresentshow
muchagivencyclespreadsoutthecanonicalrespiratoryprofile.NotethatinplaceofASTER
features,ameresamplingofthenormalizedprofileshasalsobeentried,howeverleadingto
slightlylowerclassificationperformance.

Furthermore,ithasbeenshowninthecaseofresistiveloading(Laouani,Rouatbi,Saguem,
&Calabrese,2016) that shapedifferencesbetweenribcageandabdomensignalscouldbe
agood indicatorofchanges in the levelofbronchialobstruction inpatientswithmoderate
obstructivesyndrome.

Theauthorshavethereforeaddedalastdescriptor,computedfromthequadraticdistancebetween
ribcageandabdomennormalizedprofiles,asfollowedby(Laouanietal.,2016).

Intotal,VRIPcyclesarethenfeaturedby13-dimensionedvectors,usedtofeedtheclassifier.

Classification Method
VRIPcyclesarecategorizedwithdiscriminantanalysistechnique(Klecka,1980)whereinputfeatures
ofeachclassareassumedtofollowamultivariatenormalprobabilitydensity.So-calledwithin-class
covariancematricesofthenormaldensityfunctionsareestimatedempiricallyfromthedata,enabling
tocalculateforeachsampletheprobabilityofbelongingtoagivenclassandattributingtheclassfor
whichthisprobabilityismaximal.

Similarto(Steeleetal.,2013;Dong&Biswas,2016)classificationperformanceiscalculatedusing
leave-one-outvalidation(Jain,Duin,&Mao,2000):adatasetofNsamplesisdividedintoatraining
setofN−1samples(fromwhichtheprobabilityfunctioniscomputed)andtheremainingoneisused
fortest.Theclassofthislatter,supposedlyunknown,isestimatedbytheclassifier(i.e.bydiscriminant
analysis).Finally,theestimatedclassiscomparedtothetrueclassforvalidation.Thisprocessisrepeated
untilallsampleshavebeen tested.Given the idiosyncrasiesexhibitedduring thevariousbreathing
sequencesoftheprotocol,thevalidationhasbeenconductedforeachsubjectseparately.

Metrics
Foreachclass,thenumbersoftruepositives(TP,thatisasamplecorrectlyattributedtotheclass
ofinterest),falsepositives(FP,thatisasampleattributedbymistaketotheclassofinterest)and
falsenegatives(FN,asamplethatshouldhavebeencreditedtotheclassofinterestbutwasnot)are
counted.Fromthesenumbersmetricsthatarecommonlyusedforclassificationanalysisarecomputed:

• Sensitivity(alsorecall)S TP

TP FNe
=

+
.Itmeasuresthefractionofsamplesthatarecorrectly

assignedtoagivenclass.Notethatthedenominatorcorrespondstothetotalnumberofsampling
trulybelongingtothisclass;

• Precision (also specificity) P FP

TP FPr
= −

+
1 , where the second term is the rate of false

positive,foreachclass.
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PERFoRMANCE AND DISCUSSIoN

Results
Table1showstheclassificationperformanceforeachsubjectindividually.Firstofall,onecansee
that individual results are achieved with small (a few percent) inter-subject dispersion, both for
sensitivityandprecisionvaluesandforthethreeclassofinterest.Thisassessestherobustnessofthe
proposedapproachdespiteidiosyncraticbreathingbehaviors.Notethatthevariationofperformance
acrosssubjectsiscomparableto(Dong&Biswas,2016)andresultsfromthedifferentwayspeople
speak,drinkoreat.

Focusingonswallowingevents,averagesensitivityandprecisionof86%and71%arerespectively
obtained,leadingtoanaccuracy(averageofsensitivityandprecision)ofAcc=79%.Theseresults
liewithin the samemagnitude than recentlypublishedstudiesmakinguseofdifferentdetection
techniques.Theyarewhethercomparable(Se=87%,Pr=75%withthechestbeltpiezo-device(Dong
&Biswas,2016),orAcc=82%fromacousticmeasurements(Golabbakhshetal.,2014)),whether
inthelowerrange(Acc=86%,89%,90%fromaccelerometry(Mohammadietal.,2016),previous
RIPexperiment(Moreau-Gaudryetal.,2005)andEGGdata(Farooqetal.,2014)respectively).

Although it remains interesting toconfront theseapproaches in termsof roughestimates, it
ishowevernotpossibletoundertakeadeepercomparativeanalysissinceeachprotocolisunique,
thatisfollowingspecificexperimentalrequirementswhetherintermsofage(e.g.focusingonthe
elderlyforMoreau-Gaudryetal.(2005)),pathology(targetingParkinson’sdiseaseinGolabbakhsh
etal.(2014)),typeofbolus(thinliquidbariuminMohammadietal.(2016))orfoodconsistency
(solidfoodingestedinDong&Biswas(2016)).Inthepresentstudy,theauthors’prejudgmentwas
toscanaratherlargevarietyofswallowingconditionsaswellasaricherenvironmentbyincluding
vocalizations.Thislastpointisofhighimportancebecauseitaddsathirdclassthathastoberetrieved
byautomatedclassification,thusgreatlyincreasingthecomplexityofthedetectionprocesswhereas
mostoftheabovecitedexperimentsarerestrictingpeoplefromtalkingorareconsideringvocalization
asdisturbancesthatarediscardedfromtheirdataset(Steeleetal.,2013;Mohammadietal.,2016).

ThisissueisexplicitlytackledinSejdicetal.(2010)inthecontextofaccelerometry,where
theydemonstratethatremovingvocalizationsenablestoimprovetheaccuracyoftheirtechniqueby
55%.Reprocessingtheresultswithpriorremovalofphonationevents(assuminge.g.thattheRIP
jacketisequippedwithamicrophonefromwhichthevocalizationsequencescanbesegmented),the
performancesignificantlyincreases,assummarizedinTable2.Noticeably,bynarrowingthestudy
totwoclassofinterest,theauthorsstraightforwardachievetop-rankingperformanceinsensitivity,

Table 1. Classification performance for each subject individually trained and tested with left-one-out validation method. V, S 
and P denote respectively ventilation, swallowing and phonation class.

Subjects

JF PC PB TF NR Average±SD

Sensitivity(%)

V 97 95 95 95 95 95±1

S 91 84 90 77 89 86±5

P 93 86 83 83 91 87±4

Precision(%)

V 100 97 100 97 97 98±1

S 79 69 65 69 75 71±5

P 90 97 93 86 100 93±5
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withanaverageof95%±4%forthedetectionofswallows.Theprecisionoftheswallowingclass–
thoughslightlyimproved–,keepsnonethelessacomparativelylowerranking.Theauthorsexplain
thisbehaviorbytheirdeliberatedchoiceofinvolvingalargevarietyofcombinedbolustypes(water,
stewedfruits)containers(glass,straw,spoon,flask)andvolumes(5,10,15,100ml),thusdrivingto
largevariancesofswallowingfeaturesasdiscussedinmoredetailsbelow.

Variability of Swallowing Class
Frominductivereasoning,theauthorspostulatethatspanningvariousswallowingconditionsintheir
protocoldrivestheclassifiertopredominantlyfavorthislatterclasswhendealingwithoutliers.Ifsuch
anassumptionistrue,twojointeffectsareexpectedandindeedobserved:(i)afairlygoodsensitivity
becauseoutliersbelongingtoswallowingclassaremostlycorrectlyclassified(i.e.fewswallowing
FN)and(ii)arelativelylowprecisionbecauseoutliersnotbelongingtoswallowingclassaremostly
wronglyattributedtothislatter(i.e.manyswallowingFP).

Verifyingthishypothesisrequirestocomparethevariability–i.e.thecovariancematrices–ofeach
class.Inmultivariatestatistics,thisiscommonlydonebyperformingasimultaneousdiagonalization
(Fukunaga,2013)–orequivalentlybysolvingtherelativeeigenvalueproblem(Welling,2005)–of
thetwomatricesofinterest:inthecurrentcasethecovariancematrixoftheswallowingclasswith
respecttothatoftheventilationorthephonationclass,respectively.Thisprocessdefinesanewvector
basiswhereeachso-calledrelativeeigenvaluecanbeinterpretedasthemaximumratioofvariances
(hereswallowingvs.ventilation/phonationvarianceratio)inthecorrespondingeigenvectordirection
(Flury,1985).Figure6(left)showsforPCsubjectthesortedeigenvalueswhencomparingswallowing
features toventilation(top)andphonation(bottom)featuresrespectively.Forsakeofclarity, the
inversevalueforeigenvaluesbelowone(i.e.whenthemaximumvarianceratiostandsinfavorof
theventilation/phonationclass)hasbeenplottedwithwhitecolor.Itobviouslyexhibitsagreater
amountofvariabilityintheswallowingclass,bothrelativelytoventilationandphonationgroups
(thoughinalesspronouncedfashionforthelatter).Thisisquantitativelyconfirmedbycomputingthe
respectivegeneralizedvarianceratios–definedastheproductoftherelativeeigenvalues(Bookstein
&Mitteroecker,2014)–ofroughly4.107and103,thatislargerthanonebyseveralmagnitudes.

Toexperimentallyconfirmthisanalysis,anewprotocolhasbeenset-upinvolvingfoursubjects
amongwhichtheauthorswereabletorecordtwoparticipantsofthefirstexperiment(JFandPC).The
mainconcernisheretorestrictswallowing(andphonation)eventstoasingletypewhichduration
lieswithinasingleVRIPcycle:5mlwaterspoonsandoneshortrepeatedsentencerespectively,in
thepurposeofreducingintra-classvariabilityasmuchaspossible.Attentionhasbeencarriedout
toproducedatasetswithroughlythesamenumberofcyclesineachclassthaninthefirstprotocol
(∼40swallows,40phonationsand250breathingsbysubject).Table3 reports theperformance
achieved in thisnarrowconfiguration.Focusingon theprecisionvalue for theswallowingclass,

Table 2. Classification performance with prior removal of phonation. Only 2 classes are remaining: ventilation and swallowing.

Subjects

JF PC PB TF NR Average±SD

Sensitivity(%)

V 96 96 95 95 94 95±1

S 98 92 97 88 98 95±4

Precision(%)

V 100 98 100 98 100 99±1

S 79 82 76 77 71 77±4
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Figure 6. Illustration of the variability of the swallowing class, for PC subject. Each plot displays a class-to-class comparison of 
experimental covariance matrices by solving the relative eigenvalue problem. Top: swallowing vs. ventilation covariance matrices, 
bottom: swallowing vs. phonation. PC subject was recorded under full (left) and narrow (right) protocol. The dashed line delineates 
the eigenvalues for which the maximum ratio of (class to class) variance is greater than one whether for swallowing (left side, 
filled bars) or ventilation/phonation (right side, empty bars).

Table 3. Classification performance from narrow protocol (a single type of swallowing and phonation). V, S and P denote 
respectively Ventilation, Swallowing and Phonation class. Note that the first two subjects are the same than in Table 1, hence 
their individual performance can be quantitatively compared.

Subjects

JF-2 PC-2 CS ST Average±SD

Sensitivity(%)

V 99 99 98 97 98±1

S 95 92 94 79 90±6

P 90 82 84 100 89±7

Precision(%)

V 100 99 99 98 99±1

S 89 81 90 79 85±5

P 100 97 78 95 93±9
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onecansee,asexpected,asignificantimprovementbothindividuallyforthetwosubjectsinvolved
inthetwoprotocolsandinaveragewithaprecisionof85%,thatisreachingtypicalperformance
publishedinthepapersdiscussedabove.Figure6(right)comparesagainthevariabilityofeachgroup
inthecontextofthenarrowprotocolforsubjectPC.Therelativevariancebetweenswallowingand
ventilationappearsnowmorebalanced,aswitnessedbythevalueofthegeneralizedvarianceratio
thathasseverelydroppedto15.Swallowingvs.phonationvarianceratioiskeptroughlyunchanged
however,explainingwhytheprecisionoftheswallowing–thoughnoticeablyimproved–remains
thelowestamongthethreegroups.

CoNCLUSIoN

IthasbeendemonstratedinthispaperthepotentialofRespiratoryInductancePlethysmographyfor
anautomateddetectionofswallowingevents.Withinaprotocolspanningarichvarietyofswallows
andphonations,theauthorsachieveasensitivityof86%andaprecisionof71%.Assumingaprior
removalofthevocalizationsequences,theresultsincreasesupto95%and77%respectively,these
performancebeingcomparabletothatofpreviouslypublishedtechniques.Aqualitativemethodhas
alsobeenprovided,whichallowstoinvestigatethevariabilityofeachclass(andinparticularthatof
theswallowinggroup)indifferentprotocolenvironment.

Thisstudywascarriedoutinseatedsubjectswithaslessmovementaspossible.Indeed,movement
artefactsmakeRIPsignalmoredifficulttoanalyze.However,therearemanydailylifesituations
wheresubjectsarequiet(mealtimeorsleep)andwheretheproposedmethodcouldbeeasilyadapted.

Thepreliminary results in thehealthypopulation investigated in thepresentstudystandsas
afirstpromisingsteptowardsanon-invasiveandconvenienttechnologyforaremotemonitoring
ofswallowing.Incaseofdysphagicpopulations,greatervariationsoftheswallowingprofileson
RIPsignalcanbeanticipatedandfurtherdevelopmentswillbenecessarytoenabletheuseofthe
proposedapproach.

AfterwardsRIP couldbeof interest for swallowing investigation in frailty subjects (elderly
(Moreau-Gaudryetal.,2005),infants(Geddesetal.,2010)),inacomplementarywaytothegold
standardvideofluoroscopyandotherclinicalevaluations.
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