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ABSTRACT

Tracheoesophageal(TE) speechis a possibilityto restoretheabil-
ity to speakafter laryngectomy. TE speechoftenshows low intel-
ligibility . An objective meansto determineandquantifytheintel-
ligibility doesnotexist until now andanautomationof this proce-
dureis desirable.We useda speechrecognizertrainedon normal,
non–pathologicvoices.We comparedintelligibility scoresfor TE
speechfrom � ve experiencedraterswith theword accuracy (WA)
of our speechrecognizer. A correlationcoef�cient of -.84 shows
that WA canbe a good indicatorof intelligibility for pathologic
voices.An outlookfor futurework is presented.

1. INTR ODUCTION

The resultsof a speechrecognitiontask dependon the quality
of the input signal. The term “quality” is mostly usedin this
context to describethe in�uencesof the transmissionchannelor
backgroundnoise,but of coursethe speaker's voice can be the
sourceof recognitionproblemsaswell. This paperfocuseson the
recognitionof a specialkind of pathologicvoices,i.e. tracheoe-
sophageal(TE) voices. After laryngectomy, i.e. the removal of
thelarynx,patientssuffer from severalimpairments,thelossof la-
ryngealspeechbeingof outstandingimportancefor the affected
patientsand their social functioning. In thesepatients,speech
restorationcanbe achieved by differentmethods,TE techniques
beingincreasinglypopularbecauseof their resemblanceto laryn-
gealvoiceproduction[7]: A siliconeone–way valve is placedinto
a shuntbetweenthe tracheaandtheesophagus,which on theone
handpreventsaspirationand on the other handdeviates the air
streamduring expiration into the upper esophagus.The upper
esophagus,the pharyngo–esophageal(PE) segment, serves as a
soundgenerator(seeFigure1). Tissuevibrationsof the PE seg-
mentmodulatethe streamingair andgeneratea substitutevoice
signal. In comparisonto normalvoicesthe quality of substitute
voices is “low”. Intercycle frequency perturbationsresult in a
hoarsevoice [8]. Furthermore,the changeof pitch and volume
is limited which causesmonotonevoice. Anothersourceof dis-
tortion is the so–calledtracheostomawhich is the upperend of
thetrachea(seeFigure1). In orderto forcetheair to take its way
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throughtheshuntinto theesophagusandallow voicing,thepatient
usuallyclosesthetracheostomawith a �nger. If thepatientis not
ableto do this properly, loud “whistling” noisesfrom theeluding
air occur. Acousticstudiesof TE voicescanbefoundfor instance
in [7, 2]. Figure2 shows thespectrogramsof theGermanwords
“einst stritten sich” from a TE speaker and a laryngealspeaker
(theTE speaker mightbeconsideredastypicalbecausehis intelli-
gibility wasrated2.8,which wasapproximatelytheaveragescore
acrosstheuseddatabase,cf. below). Propertiesof TE speechlike
thelow pitchandthehigh noiseportionsareclearlyvisible.

In this paper, we will not concentrateon acousticproperties.
Thereducedsoundqualityandproblemssuchasthereducedabil-
ity of intonationor voiced–voicelessdistinction[4, 9] leadto worse
intelligibility . Although TE voicesproved to be betterthanother
substitutevoices,usuallypatientssuffer from a deterioratedqual-
ity of life, asthey cannotcommunicateproperly. Speechtherapy
canimprove theintelligibility of a patient's TE speech.In speech
therapy andrehabilitationapatient'svoicehasto beevaluatedand
measuresfor thedescriptionandevaluationof alaryngealvoicesin
laryngectomizedpatientsareneeded.

In our work we examinehow well TE speechis processed
by a speechrecognitionsystemand whetherthe resultscan be
usedfor evaluatingthequality of a substitutevoiceautomatically,
i.e.whetherthey correlatewith experts' ratings.

2. THE RECOGNITION SYSTEM

The speechrecognitionsystemusedfor the experimentswasde-
velopedat theChairfor PatternRecognition.It canhandlesponta-
neousspeechwith mid–sizedvocabulariesup to 10,000words. It
is usedin commercialapplicationsby Sympalog
(www.sympalog.com),a spin–off company of our institute, for
conversationalspeechdialoguesystems.The latestversionis de-
scribedin detailin [3, 10].

For eachframea 24–dimensionalfeaturevector which con-
tains short–timeenergy, 11 Mel–frequency cepstralcoef�cients
(MFCC)andtheir �rst–order derivativesis computed.Thederiva-
tivesareapproximatedby theslopeof a linearregressionline over
5 consecutive frames(50ms). The short–timeanalysisappliesa
Hammingwindow with a lengthof 16ms,theframerateis 10ms.
The�lter bankfor theMel–spectrumconsistsof 25 triangle�lters.

Thesystemusessemi–continuousHiddenMarkov Models
(HMM). It modelsphonesin a context aslargeasstill statistically
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Fig. 1. Anatomyof a personwith intactlarynx (left), anatomyaftertotal laryngectomy(middle), andthesubstitutevoice(right) causedby
vibrationof thepharyngoesophagealsegment(picturesfrom [6])

1

2

3

4

5

6

kHz

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
t

1

2

3

4

5

6

kHz

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
t

Fig. 2. Spectrogramsof theGermanwords“einst strittensich” from a TE speaker (top)anda laryngealspeaker (bottom)

usefulandthusforms the so–calledpolyphones,a generalization
of the well–known bi– or triphones. The HMMs for the poly-
phoneshave threeto four states. In the currentexperimentswe
usemonophones,becausethey produceslightly betterresultsthan
polyphoneswith thestronglydistortedTE speech.Thecodebook
has500classesanda unigramlanguagemodelis used,sothatthe
resultsaremainlydependenton theacousticmodels.

3. TRAINING AND TEST DATA

Therecognitionsystemfor theexperimentsin thispaperwastrained
with dialoguesfrom the VERBMOBIL project [11]. The topic in
therecordingsis appointmentscheduling.Thedatawererecorded
with a close–talkmicrophoneat a samplingfrequency of 16kHz
andquantizedwith 16bit. The speakerswerefrom all over Ger-
many andthuscoveredmostdialectalregions. They were,how-
ever, asked to speakstandardGerman. About 80% of the 578

training speakers (304 male, 274 female)were between20 and
29 yearsold, lessthan 10% wereover 40. This is importantin
view of the testdata,becausethe fact that theaverageageof our
test speakers is more than 60 yearsmay in�uence the recogni-
tion results.Of theVERBMOBIL–Germandata(12,030utterances,
263,633words, 27.7hoursof speech)asubsetof 11,714utterances
(257,810words) wasusedfor thetrainingand48(1042words)for
the validationset. Thuswe kept the samecorpuspartitionsasin
[3, 10].

We usedthreegroupsof speakersto testthesystem:18 older
male laryngectomeeswith TE voice were recorded(� = 64:2
years,� = 8:3 years).They hadundergonetotal laryngectomybe-
causeof laryngealor hypopharyngealcancerat leastoneyearprior
to theinvestigationandwereprovidedwith aProvox R
 shuntvalve.
EachpersonreadtheGermanversionof thestory“North Windand
Sun”,aphoneticallybalancedtext with 108words(71disjunctive)
often usedin Germanspeakingcountriesin speechtherapy. We



Table1. AverageWA for thedifferentspeaker groups
speaker group train–matched test–matched TE test

meanWA 69% 58% 28%
st.dev. 10% 6% 13%

usedtwo control groups:18 malelaryngealspeakerswithout la-
ryngealdiseasesor subjectivevoiceproblems(age–matchedto the
laryngectomees,columntest–matchedin Table1) and16laryngeal
speakers(age–matchedto themajorityof thetrainingdata,9 male,
7 female,columntrain–matchedin Table1).

The vocabulary of the recognizerfor the experimentscon-
sistedof the71 wordsoccurringin thetestdataand32 wordsand
syllablesthatservedas�ller modelsfor readingerrors.

Table1showsthewordaccuracy (WA) for thedifferentspeaker
groups. Note that the WA is computedw.r.t. the text to be read
and not w.r.t. the transliteration,i.e. we ignored readingerrors
(seeSection4). The resultsmeetour expectations:The group
age–matchedto thetrainingdata(train-matched)is betterthanthe
group age–matchedto the TE speakers (test–matched,seealso
[12]); theTE speakershaveverybadrecognitionresultsdueto the
strongdeviation from thetrainingdata.Notethatthelow recogni-
tion for thenonTE speakersis dueto theuseof monophonemod-
els. Using polyphonesinsteadof monophonesassubword units,
a WA of 84%wasachievedfor thetrain–matchedgroupand68%
for thetest–matched.However, asalreadymentioned,polyphones
proved to be lessstablein the presenceof the stronglydistorted
TE speech.

4. HUMAN AND AUTOMATIC INTELLIGIBILITY
RATING

In speechtherapy andrehabilitationapatient'svoicehastobeeval-
uatedby thetherapist.An automaticallycomputed,objectivemea-
surewould bea very helpful supportfor this task. In this section
we presentexperimentsconcerningtheusabilityof WA asanob-
jective measure.

At theDepartmentof PhoniatricsandPaediatricAudiologyat
our university, � ve experiencedvoice professionalsevaluatedthe
voicesof the18 TE testpersonson criteriasuchas“hoarseness”,
“prosody” and “effort”, i.e. criteria that areusedto characterize
voice quality. The most importantcriterion was“intelligibility”,
i.e. the overall holistic evaluationof how well the patientcanbe
understood.Thescoresgivenby theexpertswererepresentedby
integersbetween1 (very high) and5 (very low). Theaverage“in-
telligibility” scoreacrossall patientswas2.9 with � = 1:14. It
seemedto beobvious thata voicewhich is well intelligible for a
humanbeingwill alsoachieve betterresultsin automaticspeech
recognition. So we chosethis singlecriterion andcomparedthe
experts' ratingto theWA we got from ourspeechrecognizer.

First we testedhow homogeneousthe expert groupratedthe
testdata.For the18 �les thecorrelationof eachsinglerater's “in-
telligibility” scoresto theaveragescoresacrosstheotherfour per-
sonswascalculated(compareTable2). Thetwo lowestcorrelation
valueswere.68and.77,theotherswerebetween.82and.85.The
inter–ratervariancefor the expertswas .11. Then we measured
the correlationbetweenman and machinefor the 18 recordings
wherethe WA acrossa speaker's entire readstory served as the
automaticallycomputedscore. The resultsfor the correlationof

Table 2. Correlationcoef�cients betweensingle ratersand the
averageof the4 otherratersfor thecriterion“intelligibility”

rater K L R S U
corr. .83 .82 .77 .85 .68

Table 3. Correlationcoef�cients betweensingle ratersand the
averageof all ratersfor thecriterion“intelligibility” with theWA
of therecognizer

rater K L R S U avg.
corr. -.81 -.65 -.81 -.79 -.55 -.84

theWA to theindividualexpertandtheaverageof themareshown
in Table3. Consideringtheaverageof the raters,theWA for the
recognizerhasacorrelationof -.84.Thecoef�cient is negativebe-
causehigh recognitionratescamefrom “good” voiceswith a low
scorenumberandviceversa.

Figure3 showstheWA vs.theaverageof the5 experts'scores
for the18 patientswith TE voiceaswell asthecorrespondingre-
gressionline; thepatientsareorderedw.r.t. increasingWA.

It is clearly visible that thereis a strongcorrelationbetween
theresultsof thehumanandtheautomaticanalyzingmethod.This
leadsus to the assumptionthat the WA will be very helpful asa
partof afutureautomaticintelligibility or, in general,voicequality
analyzer.

Weroundedtheexperts'averagescoresto thenext integerand
alsomappedtheWA resultsto thesamescale.We setthethresh-
oldson theWA resultssothat thedifferencebetweentheexperts'
scoresandthe scoresderived from WA is minimal (i.e. 0 in our
case).Figure4 shows thesetwo scoresandtheappliedthresholds:
12 resultswereidenticaland6 resultsdifferedby only a gradeof
1. Grantedthat it is unfair to optimizeon thetestdata,theresults
still show thatWA canbea usefulmeasurefor theanalysisof TE
speech.

In [5] we showed how to improve the WA with an unsuper-
visedHMM interpolationapproachfrom 28% to 36%. The im-
proved WA did not leadto an improved correlationwith the hu-
manraters.Therewe usedthetransliterationof thereadtext, be-
causewe weremainly interestedin the adaptationtechniqueand
wantedto excludethein�uence of readingerrors.Thecorrelation
betweenWA andtheaverageof theraterswas-.84 in bothcases,
i.e.whencalculatingtheWA w.r.t. thetext to bereadandw.r.t. the
transliteration.Thusthe resultsof the experimentsreportedhere
areimportantfor theuseof automaticspeechrecognitionmethods
in speechtherapy.

5. CONCLUSIONS AND OUTLOOK

A TE voiceis aso–calledsubstitutevoicewhich is onepossibility
to give a patientbackhis ability to communicateby speechafter
laryngectomy. However, this voice which is producedin the PE
segmentoftenshows low quality andintelligibility . For 18 substi-
tutevoicesanaverageWA of 28%wasachieved. A testgroupof
16 laryngealspeakerswho wereage–matchedto the majority of
thetrainingdatahada WA of 69%,while a testgroupof 18 laryn-
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Fig. 3. WA vs. the averageof the 5 experts' scoresfor the 18
patientswith TE voice; the patientsareorderedw.r.t. increasing
WA.

gealspeakerswhowereage–matchedto theTE speakershadaWA
of 58%. In the �eld of voice evaluationwe comparedthe intelli-
gibility scoresfor recordingsof TE voicesfrom � ve experienced
raterswith theWA from oursystem.Themonophonebasedrecog-
nizer'scorrelationwas-.84onastandardtext andthusshowedthat
anautomaticevaluationof thevoicequality is possible.Sofar we
foundno differencebetweenthe correlationof theexperts' score
andtheWA w.r.t. the transliterationandw.r.t. the text to be read.
However, for a futureclinical applicationthetwo sourcesof error
mighthave to bestrictly divided.By theapplicationof con�dence
measuresandlanguagemodels,sectionswith readingerrorscould
bedetectedin the recording.Thentheremainingpartsof the �le
couldbeusedfor thecomputationof thevoicequality only. More
investigationshave to bedonewith a biggergroupof TE speakers
to �nd out if sucha procedureis necessary.

Besidesrepeatingtheseinitial experimentswith a larger cor-
pus,we planto look at thecorrelationbetweentheexperts' scores
andthe WA for telephoneTE speech.This is importantbecause
thecommunicationvia telephoneis essentialin modernlife andit
is themostdif�cult situationfor a laryngectomeeandhis commu-
nicationpartner(absenceof non–verbalcommunication).Also, if
thecorrelationis goodenough,theautomaticevaluationcouldbe
doneway morecosteffective thanby having to install `analysis
stations'in all clinics andrehabilitationcenters.

Anotheraspectthatwe wantto studyis theprosodyof theTE
speakers.Usingourprosodymodule[1] wewantto �nd out,what
in�uence theprosodicphrasinghason intelligibility . We suspect
that the reducedair volumeof a TE speaker forceshim to pause
within syntacticunits which in turn hasa negative effect on his
intelligibility .
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