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Rationale:Obstructivesleepapneasyndromeisduetoupperairway
obstructionandisassociatedwithincreasedmorbidity.Although
continuouspositiveairwaypressureefficaciouslytreatsobstructive
apneasandhypopneas,treatmentisimpededbylowadherence
rates.
Objectives:Toassesstheefficacyonobstructivesleepapneaofa
minimallyintrusivemethodfordeliveringwarmandhumidifiedair
throughanopennasalcannula.
Methods:Elevensubjects(age,49.7�5.0yr;bodymassindex,30.5�
4.3kg/m2),withobstructiveapnea–hypopneasyndromeranging
frommildtosevere(5to60events/h),wereadministeredwarm
andhumidifiedairat20L/minutethroughanopennasalcannula.
MeasurementsandMainResults:Measurementswerebasedonstan-
dardsleep-disorderedbreathingandarousalindices.Inasubset
ofpatientspharyngealpressureandventilationwereassessedto
determinethemechanismofactionoftreatmentwithnasalinsuffla-
tion.Treatmentwithnasalinsufflationreducedthemeanapnea–
hypopneaindexfrom28�5to10�3eventsperhour(p�0.01),
andreducedtherespiratoryarousalindexfrom 18�2to8�2
eventsperhour(p�0.01).Treatmentwithnasalinsufflationre-
ducedtheapnea–hypopneaindextofewerthan10eventsperhour
in8of11subjects,andtofewerthan5eventsperhourin4subjects.
Themechanism ofactionappearstobethroughanincreasein
end-expiratorypharyngealpressure,whichalleviatedupperairway
obstructionandimprovedventilation.
Conclusions:Ourfindingsdemonstrateclinicalproofofconceptthat
anasalcannulaforinsufflatinghighairflowscanbeusedtotreat
adiversegroupofpatientswithobstructivesleepapnea.
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Obstructivesleepapneasyndromeisduetoupperairwayob-
structionleadingtointermittenthypoxemia,sleepfragmenta-
tion,metabolicdysfunction(1,2),andincreasedcardiovascular
morbidityandmortality(3,4).Currenttreatmentoptions,in-
cludingcontinuouspositiveairwaypressure(5),oralappliances
(6),andsurgicalprocedures(7),areoftenintrusiveorinvasive,
andnotwelltolerated,leavingavastnumberofsubjectsun-
treated(8,9).Therefore,improvedtherapeuticstrategiesare
requiredtotreatsleepapneasandhypopneasandtheirassoci-
atedmorbidityandmortality.
Upperairwayobstructionisduetoincreasedpharyngealcol-

lapsibility(10–12),whichdecreasesinspiratoryairflowasmani-
festedbysnoringandobstructivehypopneasandapneas(13).
Thisdefectinupperairwaycollapsibilitycanbeovercomeby
elevatingnasalpressure.Infact,somewhatgreaterlevelsofnasal
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ATAGLANCECOMMENTARY

ScientificKnowledgeontheSubject

Highlevelsofcontinuouspositiveairwaypressure(CPAP)
areneededtoalleviateobstructiveapneas;lowcompliance
withCPAPimpedesitstherapeuticeffectiveness;and,be-
causehypopneascanbetreatedwithlowlevelsofCPAP,
nasalinsufflationofairmighteffectivelytreatmildobstruc-
tivesleepapnea.

WhatThisStudyAddstotheField

Nasalinsufflationcanprovidedistinctclinicaladvantages
overCPAPforasubstantialproportionofthepatientpopu-
lationwithsleepapnea.

pressurearerequiredtoabolishapneasthanhypopneas,and
torestorenormallevelsofinspiratoryairflow(12,14).Thus,
minimallyintrusivemethodsfordeliveringlowlevelsofairway
pressuremayberemarkablyeffectiveintreatinghypopneas.
Atpresent,continuouspositiveairwaypressure(CPAP)is

mosteffectiveineliminatingapneasandhypopneas,although
long-termeffectivenessiscompromisedbylowadherencethat
isestimatedatonly50to60% (15,16).Pooradherencehas
beenattributedtothesideeffectsassociatedwithnasalCPAP,
includingdifficultytoleratingpressureandthenasalmaskinter-
face,nasalirritation,claustrophobia,andskinbreakdown(17,
18).Toaddresstheseissues,wedevelopedasimplifiedmethod
forincreasingpharyngealpressurebydeliveringwarmandhu-
midifiedairatacontinuoushighflowratethroughanopennasal
cannula.Thepresentstudywasdesignedtodeterminewhether
treatmentwithnasalinsufflation(TNI)alleviatesobstructive
sleepapneaandhypopneaacrossaspectrumofdiseaseseverity.
Someoftheresultsofthesestudieshavebeenpreviouslyre-
portedintheformofabstracts(19,20).

METHODS

Participants

SubjectswererecruitedfromtheJohnsHopkinsSleepDisordersCenter
(JohnsHopkinsUniversity,Baltimore,MD)iftheyhadmorethan
fiveobstructivedisorderedbreathingepisodesperhourofsleepona
standardovernightpolysomnogram.Patientswereselectedtoprovide
abalancedrangeofdiseaseseverityencompassingaspectrumofmild
(apnea–hypopneaindex[AHI]� 5–15events/h,n� 3),moderate
(AHI,15–30events/h,n�5),andsevere(AHI�30events/h,n�3)
sleepapnea(Table1),withacomparablemixofsexandbodymass
index.SevenpatientswerereceivingCPAP,fourofwhom(subjects3,
6,9,and10)participatedinthestudybecausetheyhaddifficulties
toleratingCPAP,withcompliancedefinedasCPAPusefor4hoursor
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TABLE1.ANTHROPOMETRICSANDSLEEP-DISORDEREDBREATHINGINDICES

DiseaseSeverity

Mild Moderate Severe

Subject1 Subject2 Subject3 Subject4 Subject5 Subject6 Subject7 Subject8 Subject9 Subject10 Subject11 Mean SEM

Anthropometricdata
Sex M M M F F M F M F M F
Age,yr 33 24 49 39 31 56 42 53 70 77 56 49.7 5.0
Height,cm 168 190.5 180.0 152.4 160 182.9 154.9 172.7 157.5 182.9 172.7 170.7 4.1
Weight,kg 70.9 120.9 74 63.9 70.9 91.7 169.1 72.0 60.0 86.8 66.67 81.9 12.7
BMI,kg/m2 25.2 33.2 22.6 27.4 27.6 27.4 70.3 24 24.1 25.9 22.35 30.5 4.3
Sleep-disorderedbreathing
AHI,events/h 5 8 13 19 20 21 22 30 39 46 58 27.7 4.7
HI,events/h 4 7 12 19 20 20 19 26 4 29 23 17.9 2.4
AI,events/h 1 1 1 0 0 1 3 4 35 17 35 9.8 4.3
AveragebaseSaO2,% 96.7 95.2 94.2 97.5 96.5 96 97.3 94.7 97.2 93.8 95.4 95.8 0.4
AveragelowSaO2,% 94.5 93.4 92.3 93.3 92.4 91.3 91.9 90.9 87.1 87.3 90.4 91.0 0.7

Definitionofabbreviations:AHI�apnea–hypopneaindex;AI�apneaindex;BMI�bodymassindex;HI�hypopneaindex;SaO2�oxygensaturation.

morepernight,for70% ormoreofnights.Patientswereexcludedif
theyhadcentralsleepapneaorseriousmedicalconditions.Informed
consentwasobtainedfromallsubjects,andtheJohnsHopkinsUniver-
sityInstitutionalReviewBoardapprovedtheprotocol.

StudyProcedures

Polysomnography.PolysomnographywasperformedwithSomnologica
biosignalrecordingandanalysissoftware(Embla,Broomfield,CO).
Signalsincludedelectroencephalograms(C3-A2,A2-O1),leftandright
electrooculograms,submentalelectromyogram,tibialelectromyogram,
electrocardiogram,oxyhemoglobinsaturation,bodypositionviainfra-
redvideocamera,nasalcannulaformeasuringairflow(Nights2and
3),andthoracicandabdominalbeltsformeasuringrespiratoryeffort.
OnNight1,apneumotachometer(21)attachedtoanasalCPAPmask
(Respironics,Murraysville,PA)andafluid-filledcatheter(CooperSur-
gical,Trumbull,CT)wereusedtomeasureventilationandsupraglottic
pressureonandoffTNI.
Nasalinsufflation.Anaircompressor(Seleon,Freiburg,Germany)

deliveredatthenoseaconstantflowrateofupto20L/minute,which
wastheupperlimitofthecurrenttechnology,giventhedimensionsof
thecannula.Aheaterandhumidifierregulatedthetemperatureand
humidity.Aheatedwirewasincorporatedintothelumenofthenasal
cannulatubingtoachieveatemperatureof30to33�Candrelative
humidityofapproximately80% atthenasaloutlet(Figure1).(For
nasalcannuladimensions,seethecaptiontoFigure1).

StudyProtocols

OnNight1(titrationnight),subjectsinitiatedsleepon5L/minuteon
TNIforreasonsofcomfort.Whensubjectshadestablishedastable
period(�10min)ofnon–rapideyemovement(NREM)sleep,TNI
wasappliedat0,10,or20L/minutefor5-minuteintervalsinrandom
order.Thesetrialswererepeatedaminimumofthreetimesateach
TNIlevelinthesupinepositionduringNREMsleep.
SubjectswerethenrandomizedtoseparatenightsonandoffTNI

at20L/minute.Standardpolysomnographicrecordingtechniqueswere
employedtocharacterizesleepandbreathingpatternsonthesenights.
OnthebasisofthefindingsintheTNItitrationstudy,weanticipated
thatpatientswhohadpredominantlyhypopneaswouldexperiencea
greatereffectthanthosewhoalsohadobstructiveapneas.

Analysis

Polysomnography.Standardpolysomnographicscoringtechniqueswere
usedtostagesleep(22),arousals(23),andrespiratoryevents,which
werescoredaccordingtothe“Chicagocriteria”(24).
Respiratoryindices.Inbrief,anapneawasdefinedascompleteces-

sationofairflowformorethan10seconds.Hypopneawasdefinedas
agreaterthan30% reductionofairflow.Flow-limitedeventswere
scoredashypopneasifairflowwasreducedlessthan30% compared
withadjacentbreathsandwasassociatedwitheitheranarousalfrom

sleeporoxyhemoglobindesaturationequaltoorgreaterthan3%.Each
respiratoryevent(apneaandhypopnea)wassubclassifiedaseither
centralorobstructiveonthebasisofassessmentoftherespiratoryflow
andeffortsignals(supraglotticpressurecatheterorabdominaland
thoracicplethysmography)(24).Bodypositionwascarefullymonitored
duringboththebaselineandtreatmentnights,andanAHIforeach
individualwascalculatedforthesupineandsidepositionsseparately.
AnoverallAHIwasthenproducedbyweightingthetimespentineach
bodypositiononthefirstnight.Onthesecondnight,weapplieda
positionalweightingfactorfromthefirstnighttocalculateanoverall
AHI.
Arousalanalysis.Arousalswerescoredasanabruptshiftinfre-

quencythatincluded�,�,and	frequenciesgreaterthanorexceeding
16Hz,butnotspindlesafteraminimumof10consecutivesecondsof
stablesleep,andarousalsinREMwerescoredonlyifaccompaniedby
anincreaseinsubmentalelectromyogramamplitude(23).Assessment

Figure1.Nasalcannulafordeliveryofwarmhumidifiedairtoapatient
(treatmentwithnasalinsufflation).Ascanbeseen,thecannulaisde-
signedtoleavethenoseopen,andthusapatientcanexpirefreely
throughthenose.Dimensionsofthecannulaareasfollows:length,
1,800mm;outerdiameter,5mm.DimensionsofthetubeaftertheY
piece:length,440mmeach;innerdiameter,3.4mm;dimensionof
theprongs,5mm(outerdiameter,eachnostril).Thecannulahasbeen
designedtodecreaseanypotentialnoisecausedbythehighflowof
air,minimizingnoise-inducedsleepdisruption.
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ofinterratervariabilitywasperformedbytwoboard-certifiedsleep
physiciansinasubsetofsubjects(n�9).
Breathingdynamics.End-expiratorypharyngealpressure,peakin-

spiratoryairflow,andrespiratoryeffortweremeasuredonthebasisof
the10breathsimmediatelyprecedingandthelast10breathsofeach
TNItrial.

StatisticalAnalysis

Dataarereportedasmeans
SEM.Asignranktestwasperformed
(Stata8;StataCorp,CollegeStation,TX)tocompare(1)differences
inpolysomnographicindicesbetweenbaselinediagnosticandclinical
treatmentnightand(2)differencesinbreathingdynamicsonandoff
TNI.pValueslessthan0.05wereconsideredsignificant.

RESULTS

SubjectDemographics

Elevensubjects(6menand5women;age,49.7
5.0yr;body
massindex,30.5
4.3kg/m2)completedthestudy.Bydesign,
ourstudypopulationencompassedawidespectrumfrommildto
severediseaseseverity(Table1).Ingeneral,patientswithmilder
diseaseseverityhadpredominantlyobstructivehypopneas(AHI,
5–15events/h),whereasthosewithmoreseveresleepapnea(AHI,
�30events/h)hadmanymoreobstructiveapneas.

TNITitrationat10versus20L/Minute:Night1

Figure2illustratestheeffectofTNIat10and20L/minuteon
airflowdynamicsandsupraglotticpressureinonesubjectwith
predominantlyobstructivehypopnea(subject1,indicatedby
opencirclesinFigure4).BreathsoffTNI(Figure2,left)during
ahypopneawerecharacterizedbyaplateauingofinspiratory
flowassupraglotticpressurecontinuedtofall,andsnoring(mi-
crophonesignal).ATNIflowrateof10L/minute(Figure2,
middle)slightlyincreasedend-expiratorysupraglotticpressure
anddecreasedinspiratoryeffortswings.Nevertheless,inspira-
toryflowlimitationandsnoringpersisted.Incontrast,breaths
onTNIat20L/minute(Figure2,right)werenolongerflow
limitedasindicatedbyaroundedinspiratoryflowcontour,an
increaseinpeakinspiratoryairflow,amarkeddeclineinsupra-
glotticpressureswings,andtheabsenceofsnoring.Similarre-
sultswerefoundinallourstudyparticipants.

Figure2.Airflow and
supraglottic pressure
(Psg)responsetotreat-
mentwithnasalinsuffla-
tion(TNI)inonesub-
ject(subject1).During
baseline,withTNIoff
(left),largeswingsinsu-
praglotticpressureand
flatteningoftheinspi-
ratoryairflow contour
occurredassupraglottic
pressurecontinued to
fall,indicatingupperair-
wayobstruction(left).
WhereasTNIat10L/
minutehadnosignifi-
canteffectonairflow
andsupraglotticpressure

swings(middle),TNIat20L/minuteincreasedend-expiratoryPsgfrom0to2.2cmH2O,whichwasassociatedwithanincreaseinpeakinspiratory
airflowfrom290to360ml/second,andrespiratoryeffortmarkedlydeclinedasindicatedbyreductionsofthesupraglotticpressureswingsfrom
–15to–3cmH2O.

EffectonSleep-disorderedBreathingIndices

InFigure3,theeffectofTNIat20L/minuteonthesleep-
disorderedbreathingpatternisillustratedforonesubjectwith
obstructivehypopneas.Figure3(left)depictstwoobstructive
hypopneas(seehorizontalbars)asindicatedbydecreasedinspi-
ratoryairflow,progressivelyincreasingrespiratoryeffort(Psg),
snoring(seemicrophonetrace),andoxygendesaturations.When
TNIwasadministered(Figure3,right),sleepandbreathing
patternsstabilized,asreflectedbythereductioninsupraglottic
pressureswings,andresolutionofinspiratoryflowlimitation,
snoring,andoxyhemoglobindesaturation.
InFigure4,thesleep-disorderedbreathingresponsesofsub-

jectstoTNI(20L/min)arepresentedfortheclinicaltreatment
night(TNIon)andthebaselinediagnosticnight(TNIoff).Two
maineffectscanbediscerned.First,TNIledtoareductionin
theoverallAHI(28
5to10
3events/h,p�0.01;Figure
4,left)andsomeimprovementoftheAHIwasobservedineach
subject(Figure4,left).Ineightofthesesubjects,theAHIfell
below10events/hour.Ofthethreeremainingsubjects,thenasal
cannuladislodgedfor2.5hoursinonesubject(Figure4,left,
soliddiamonds),andhencetheAHIfellonlyminimallyfrom
19to17,whereasmoremarkedreductionsintheAHI,from46
to27andfrom39to23events/hour,wereobservedfortheother
two(Figure4,left,barsandplussymbols).
Second,TNIresponsesinhypopneasandapneasareshown

separately(Figure4,middleandright,respectively).TNIde-
creasedthehypopneaindex(Figure4,middle)from18
2to
8
2events/hour(p�0.01),andalsoreducedthenumberof
obstructiveapneasinthethreesubjectswhohadanapneaindex
greaterthan10events/hourduringsleep(subjects9,10,and11in
Table1,andrepresentedbyplus,bar,andsolidtrianglesymbols,
respectively,inFigure4,right).Ascanbeseen,apneicsubjects
9,10,and11hadareductioninapneaindexfrom36to17,from
17to11,andfrom35to6eventsperhourofsleep,respectively,
suggestingthatTNIcandecreaseapneasaswellashypopneas.
Assessmentofinterratervariabilitywasperformedwithanin-
traclasscorrelationcoefficient(ICC)forobstructiverespiratory
events(ICC,1.0),respiratoryarousals(ICC,0.98),andspontane-
ousarousals(ICC,0.8),indicatinggoodagreementbetweenre-
viewersinallcategories;disagreementsbetweenreviewerswere
minor(Table2).
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Figure3.Effectoftreatmentwithnasalinsufflation(TNI)onobstructivehypopneasinonesubjectduringnon–rapideyemovement(NREM)sleep.
Left:TNIoff.Right:TNI20L/minute.Horizontallinesbelowtheflowsignaldemarcateindividualhypopneaeventswithoxyhemoglobindesaturations
of4and3%,respectively.NotethemarkeddeclineinthesnoringsignalonTNIcomparedwithTNIoff.Microphone�digitallydisplayedsnoring
auditorysignal;Psg�supraglotticcatheterpressure(cmH2O);SaO2�oxygensaturation.

MechanismofAction

Toexploretheunderlyingmechanismsresponsiblefortheeffect
ofTNIonsleep-disorderedbreathingweassessedinspiratory
airflow,end-expiratorysupraglotticpressure,andrespiratoryef-
fortinasubgroupofsubjects(n�7).InFigure5,theimmediate
respiratoryresponsestoTNIatarateof20L/minuteforone

Figure4.Sleep-disordered
breathingindices.Shown
areapneaand hypo-
pneaindicesduringthe
baseline(Bsl)diagnostic
nightandtheclinical
treatmentnightforin-
dividualsubjects.Indi-
vidualsubjectsymbols
areconsistentbetween
panels.TNI�treatment
withnasalinsufflation.

subjectwithobstructivehypopneasaredemonstrated.Ascan
beseeninFigure5,breathsoffTNIwerecharacterizedby
inspiratoryflowlimitationindicatedbyaplateauingofinspira-
toryflowassupraglotticpressurecontinuedtofall(seeinspira-
toryflowlimitationthresholdmarkedbythehorizontaldashed
line).AfterTNIwasinitiated,therewasaninstantaneousincrease
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TABLE2.INTERRATERRELIABILITY

Respiratory Spontaneous
AHI ArousalIndices ArousalIndices

Subject Scorer1 Scorer2 Scorer1 Scorer2 Scorer1 Scorer2

C 20 21 21 23 7 5
D 16 15 16 15 7 5
E 7 6 9 7 4 3
F 7 7 3 3 0 0
G 24 25 20 24 8 4
H 8 8 8 8 2 1
I 10 10 5 15 1 0
J 5 5 5 5 6 3
K 86 86 64 64 0 0

Mean 20 20 17 18 4 2
SE 26 26 19 19 3 2
ICC 1.00 0.98 0.80

Definitionofabbreviations:AHI� apnea–hypopneaindex;ICC� intraclass
correlationcoefficient.
Individualdataarepresentedforasubsetofpatients(n�9),scoredbytwo
experiencedboard-certifiedsleepmedicinephysicians,fortheanalysisofin-
terscoreragreementfortheapnea–hypopneaindices,respiratoryandspontane-
ousarousalindices.

inend-expiratorysupraglotticpressure(Figure5,circled1)and
meaninspiratoryairflow(Figure5,circled2).Nevertheless,inspi-
ratoryflowlimitationwasstillpresentoverashortperiodof
breathsinwhichsupraglotticpressureswingsdeclinedgradually
onabreath-by-breathbasis(Figure5,circled3),indicatingthat
improvementsinairflowwereassociatedwithprogressivereduc-
tionsinrespiratorydrive.Oncethesupraglotticpressureswings
nolongerfellbelowthethresholdforflowlimitation(Figure
5,circled4),theinspiratoryairflowcontourassumedaround,
non–flow-limitedpattern(Figure5,circled5).
Pooleddataforasubsetofsubjects(n�7)demonstrate

thatTNIincreasedend-expiratorypharyngealpressurefrom
atmosphericto1.8
0.1cmH2O(p�0.04),increasedinspiratory
airflowfrom255.1
54.2to363.5
26.7ml/second(p�0.04),
anddecreasedsupraglotticpressureswingsfrom11.3
0.5to
4.4
0.6cmH2O(p�0.04).Thus,TNIalleviatesupperairway

Figure5.Mechanism ofac-
tion.Airflowandsupraglottic
pressureareshownduringthe
transition from flow-limited
breathingwithTNIoff,tonon–
flow-limited breathing with
TNIat20L/minute.Psg�
supraglotticcatheterpressure
(cmH2O).Numbersincircles:
1,increaseinend-expiratory
Psg;2,increaseinmeaninspi-
ratoryairflow;3,decreasein
supraglotticpressureswings
onabreath-by-breathbasis;4,
Psgthresholdforinspiratory
flow limitation;and 5,a
round,non–flow-limited in-
spiratorypattern.

obstructionthroughanimmediateincreaseinpharyngealpres-
sureincombinationwithgradualreflexivereductionsinventila-
torydrive.

SleepCharacteristicsandArousalIndices

AsshowninTable3,TNIreducedtherespiratory-relatedarousal
frequency(18
4to8
2events/h,p�0.01),withoutachange
inthespontaneousarousalfrequency(3
1to3
1,p�0.65).
Therewasnooverallchangeintotalsleeptime,sleepefficiency,
orsleepstagedistribution,perhapsasaresultofourrelatively
smallsamplesize.However,eachpatientexhibitedanimprove-
mentinsleepstagedistribution,witheitheragreaterpercentage
oftimeindeeperstagesofNREMsleep(subjects3,4,5,6,8,
and11)oragreaterpercentageoftotalsleeptimespentinREM
sleep(subjects1,2,7,9,and10),suggestingthatTNIimproved
sleepquality.

DISCUSSION

Ourstudywasdesignedtoexaminetheeffectoftreatmentwith
nasalinsufflation(TNI)onobstructivesleepapnea.Inabroad
spectrumofpatients,wefoundasignificantreductionininspira-
toryflowlimitationseverityonTNIat20versus10L/minute,and
improvementinsleepapneaseverityasreflectedbyamarkedfall
inboththeapnea–hypopneaandarousalindicesonTNIat20
L/minute.Thereliefofupperairwayobstructionwasmostlikely
duetosmallbutconsistentincreasesinpharyngealpressureon
TNI,whichdecreasedtheseverityofinspiratoryflowlimitation.

MechanismofActionofTNI

Todeterminethemechanism ofactionofTNI,weassessed
airflowdynamicsandsupraglotticpressureresponsestoTNIat
alowrate(10L/min)andahighrate(20L/min)duringperiods
ofhypopneasduringNREMsleep.WhereasTNIat10L/minute
hadnoeffectonairflowdynamics,TNIat20L/minuteincreased
peakinspiratoryairflow andreducedsupraglotticpressure
swings.Althoughthesechangeswererelativelymodest,sleep
andbreathingpatternsimprovedmarkedlyinallsubjectsreceiv-
ingTNI.Theseimprovementscanbeattributedprimarilytothe
increaseinpharyngealpressurewhilereceivingTNI.Inspiratory
airflowincreasesapproximately50ml/secondpercmH2Oof
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TABLE3.SLEEPCHARACTERISTICSANDAROUSALINDICES

Baseline TNI,20L/min

Mean SEM Mean SEM pValue

TST,min 317.9 26.0 326.7 12.3 0.64
Sleepefficiency,% 79.5 5.2 85.5 3.3 0.24
NREM,%TST 84.2 1.9 87.2 2.6 0.43
Stage1,% 12.7 3.1 13.2 4.0 0.56
Stage2,% 65.2 4.0 68.2 4.2 0.56
Stage1,% 6.3 1.8 6.3 1.8 0.84
REM,%TST 14.1 2.2 12.8 2.6 0.87
Arousalindices
Respiratory 18.3 3.7 8.3 1.5 0.005
Spontaneous 3.4 2.2 3.1 0.4 0.65
Total 21.6 3.6 11.4 1.5 0.007

Definitionofabbreviation:NREM�non–rapideyemovement;TST�totalsleep
time.
Groupdataarepresentedforboththebaselineandclinicaltreatmentnight
withTNIat20L/minute.

CPAPpressureapplied(25).TNIatarateof20L/minuteled
toasimilarincreaseininspiratoryairflow(45ml/spercmH2O).
Thepeakinspiratoryairflowsofourpatientsduringhypopneas
wereonlymildlyreducedtoapproximately230ml/second,and
rosetoapproximately300ml/second,alevelpreviouslyassoci-
atedwiththeeliminationofinspiratoryflowlimitationandstabi-
lizationofbreathingpatterns(25).Thus,improvementsinpeak
inspiratoryairflowwerelikelyduetoincreasesinpharyngeal
pressure,whichwereofsufficientmagnitudetotreathypopneas
wheninspiratoryairflowlevelsareonlymildlyreduced.

EffectofTNIonSleep-disorderedBreathing

AlthoughweexpectedmarkedimprovementsintheAHIpri-
marilyinpatientswithhypopneasratherthanobstructiveapneas,
TNIloweredtheAHIinallsubjects,regardlessoftheapnea–
hypopneadistribution.Althoughtheprimarymechanismofac-
tionappearstoberelatedtoincreasesinend-expiratorypharyn-
gealpressure,otherfactorsmayhavefurtherimproved
ventilationinadditiontoalleviatingupperairwayobstruction.
First,evensmallincreasesinpharyngealpressuremayhave
increasedlungvolume.Increasesinlungvolumeleadtoimprove-
mentsinbothoxygenstoresandupperairwaypatency(26–30),
bothofwhichmayfurtherstabilizebreathingpatternsduring
sleep.Asventilationimprovedinourpatientsduringsleep,en-
hancedsleepcontinuity(decreasedarousalfrequency)mayhave
alsocontributedtofurtherreductionsintheapnea–hypopnea
indices(31,32).Indeed,wefoundatrendtowardimprovement
insleepstagedistributioninallsubjects,withareductionin
respiratoryarousals,andnochangeinspontaneousarousals.
Additionalbenefitsmayhaveaccruedfrominsufflatingairdi-
rectlyintothenose,whichmayproduceconcomitantreductions
indeadspaceventilation.Therefore,improvementsinoxygen
stores,ventilation,andsleepcontinuity,alongwithenhanced
upperairwaypatency,arelikelyresponsibleforthebeneficial
responsestoTNI.Weacknowledgethatobstructivesleepapnea
wasnotcompletelyeliminatedinallofourpatients,andthat
nasalCPAPmightstillbemoreefficaciousinreducingtheAHI
duringtreatmentnights.Nevertheless,reducedcompliancewith
CPAPcansignificantlycompromiselong-termtherapeuticeffec-
tiveness,leavingasignificantportionofpatientsuntreatedover
time(33).PoorCPAPcompliancehasbeenattributedtocum-
bersomemasks,andtodifficultiesinexhalingagainstahigh
backpressure(17).Incontrast,TNIoffersasimplifiednasal
interfacefordeliveringrelativelylowlevelsofpharyngealpres-
sure,whichmayenhancelong-term compliance,andoverall

therapeuticeffectiveness,andthusmightreducelong-termcar-
diovascularandmetaboliccomplicationsofobstructivesleep
apnea.

Limitations

Thereareseverallimitationsinthecurrentstudy.First,weused
onlyflowratesof10and20L/minuteinourstudy.Itispossible
thathigherflowrateswouldhavebeenevenmoreeffectivein
eliminatingallrespiratoryevents.However,weusedrelatively
lowflowratestobalancethecomfortofnasalinsufflationwith
efficacy.Indeed,therewerenoreportsofsignificantdiscomfort
orsideeffectsafterafullnightoftreatmentwithTNIat20L/
minute,withtheexceptionofreportsthatairtemperatureswere
eithertoowarm(n�2)orcold(n�1)forinitiatingsleep.
Nevertheless,themajorityofsubjectsdidnothavedifficulty
initiatingormaintainingsleepascomparedwithbaseline.None
ofthepatientscomplainedaboutnoiserelatedtotheuseofTNI,
whichweacknowledgemightresultfrompatientmotivation,or
perceptionrelativetotheirpreviousexperiencewithCPAP.
Moreover,assessmentofsleeparchitecturebetweennightson
andoffTNIindicatesatrendtowardimprovement,without
changeinspontaneousarousalindices.Second,itispossiblethat
thecannulamayhavedislodgedduringthenight,accounting
forthetreatmentfailureinatleastonepatient.Althoughitis
notyetclearhowaminordislodgementofthecannulacan
affectefficacy,thefactthatthemajorityofourpatientshada
substantialreductioninsleep-disorderedbreathingindicessug-
geststhattheexactpositionofthenasalcannulaisnotcritical.
Third,theoccurrenceofapneasmightbedependentonbody
position.Weaccountedforbodypositionbetweenthetwo
nights,thuseliminatingtheimpactofachangeinpositionon
thetreatmenteffect.Fourth,TNIwasusedforonlyonenight.
Althoughpatientsdidnotreportanydiscomfortwhenusingit
foronenight,theresponsemightbedifferentwhenusingTNI
repeatedlyoverseveralnights.FurtherstudiesofTNIadminis-
teredoverseveralnightswouldberequiredtoexamineitseffect
relativetoCPAP.Fifth,assessmentofbothspontaneousand
respiratoryarousalsispotentiallyassociatedwithpooragree-
mentbetweenscorers.Alldatainthisstudywerereviewedby
twoexperiencedboard-certifiedsleepphysicians(H.S.andS.P.).
Toassessqualityassuranceofourscoring,theinterraterreliabil-
itywasanalyzedforasubsetofpatients(n�9),andwascompa-
rabletopreviousassessmentsofinterraterreliabilityofbothsponta-
neousandrespiratoryarousalindices(ICC,0.72;95% confidence
interval:0.44,0.88)withexperiencedfull-timescorers(34).

Implications

Thereareseveralclinicalimplicationsofourfindings.First,our
findingsprovideevidencethatTNImayofferaviabletreatment
alternativetopatientswithobstructivehypopneasandapneas.
ThefindingthatTNIalleviatedobstructivehypopneasinallbut
onepatientpredictsahighlikelihoodoftreatmentsuccessina
similarpatientpopulation.Aretrospectiveanalysisofourpatient
databasewith4,746patientswithobstructivesleepapnea–
hypopneasyndromestudiedbetween1981and2000,whoseAHI
wasgreaterthan10,showedthat28.4% ofthesepatientshad
predominantlyobstructivehypopneas(morethan90% ofall
events)andwouldmeetthepolysomnographicandanthropo-
metriccharacteristicsofourstudypopulation.Second,ourfind-
ingsthatTNIalsohadaneffectonobstructiveapneainour
patientswithanapneaindexofgreaterthan15impliesthatTNI
maybebeneficialinsomepatientswithobstructiveapneasas
well.Furtherstudiesarerequiredtoelucidatethepolysomno-
graphicand/orclinicalpredictorsofaTNIresponse.Third,we
usedafixedflowrateandcannulasize,whichmayobviatethe
needfortitrationstudies.Indeed,itmaybepossibletoofferan
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empiric,streamlinedtherapeuticapproachwithTNIforalarge
proportionofpatientswithsleepapnea.
Insummary,ourstudyprovidesclinicalproofofconceptfor

employingTNIasanoveltreatmentforpatientswithobstructive
sleepapnea–hypopneasyndrome.Becauseoneflowrateand
cannulasizewassufficienttostabilizebreathingpatternsinthe
majorityofoursubjects,titrationmaybeobviated,thereby
streamliningtheinitiationoftreatment.Moreover,theminimally
intrusivenasalinterfaceofTNImayimprovepatientadherence,
andmayultimatelyprovemoreeffectiveinmanagingthelong-
termmorbidityandmortalityofsleepapnea.Furtherstudies
willberequiredtoextendthesefindingsandtodeterminethe
ultimateroleofTNIinmanagingobstructivesleepapnea.
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