ACOUSTICAL CHARACTERISTICS OF SOUND PRODUCTION OF DEAFAND NORMALLY HEARING INFANTSChris J. Clement, Florien J. Koopmans-van Beinum and Louis C.W. PolsInstitute of Phonetic Sciences & IFOTT, University of AmsterdamHerengracht 338, 1016 CG Amsterdam, The Netherlandsemail: clement@fon.let.uva.nlABSTRACTSeveral recent studies have shown that speech production developsin an organized way, already in the first twelve months of life. Thisdevelopment is determined by several factors such as anatomicalgrowth and physiological constraints. Studying the soundproduction of deaf infants and comparing this with that ofnormally hearing infants, can give more insight into the role ofauditory speech perception on sound production. So far, nosystematic work has been reported on the development of soundproduction of deaf infants in the first months of life. The presentstudy is intended to address this topic in a systematic andcontrolled way. Preliminary results indicate differences in soundproduction between deaf and normally hearing infants, for instancewith respect to utterance duration, even within the first half year oflife. These findings strongly suggest that already in this early stageof speech development sound production is not solely determinedby anatomical and physical constraints, but also by auditoryperception and feedback. These results may contribute to a betterunderstanding of the current models of early speech acquisition.1. INTRODUCTIONSome recent studies suggest a deviant speech production ofhearing impaired compared to normally hearing infants in the firstyear of age [e.g. 3]. No canonical babbling was found in deafinfants before the age of eleven months while most hearing infantsstart babbling before that age [6]. In several studies differenceswere observed in consonantal features and phonetic repertoire size[e.g. 9].Until now - to our knowledge - no systematic study has beenperformed on acoustical characteristics, such as duration and F0,of the sound production of deaf infants starting within the first halfyear of life. Most studies [e.g. 3] investigate infants systematicallynot earlier than at the end of the first year of life. Kent et al.studied fundamental frequency and formant frequencies of thesound productions of an eight months old deaf infant andcompared these with those of his hearing twin brother. A higherpeak F0 and a slightly larger range of peak F0 values of the deafinfant compared to his hearing brother were found. More variationwithin the utterances like strong changes within the F0 contour andintervals of vocal fry , were observed as well.The present study reports on longitudinal data of six deaf and sixnormally hearing infants between 2.5 (or somewhat older) and11.5 months of age. The main question we address is: do hearingimpaired infants differ from normally hearing infants with respectto duration and F0?2. METHOD2.1. SubjectsTwelve mother-infant pairs participated in this study: six infantsprofoundly hearing impaired (group HI) and six matched infantswith normal hearing (group NH). No clear health problems, likecognitive or motor delays, were found in using developmentaltests. The HI infants had an average hearing loss of 90 dB or moreat the best ear, established by Auditory Brainstem Responseaudiometry (ABR) in the first six months of life. This profoundhearing loss was confirmed by several pure-tone audiometric testsat later ages. Hearing aids were regularly used by three subjectswithin the period studied.The NH infants were matched with the HI infants on the followingcriteria: sex, birth order, duration of pregnancy, age of the mother,socio-economical status of the parents, and dialect of the parents.All NH infants were recorded from the age of 2.5 months onwards,two HI infants from the age of 2.5 months, one from 3.5 monthsand three from the age of 5.5 months onwards.2.2. Analysis ProceduresAudio recordings, lasting about half an hour each, were madeevery two weeks. Of every monthly audio recording, the first 10minutes were transcribed. Two trained phoneticians performed andverified the transcriptions. The inter-judge agreement based on allmaterial (108 recordings) was 93 % for the infant utterances. Aninfant utterance was defined as a sound production during onebreath cycle starting with inhalation. Laughing, crying andvegetative sounds were not taken into account. The number ofinfant utterances during the first 10 minutes were counted (see [2]for more details about the subjects and procedure of analyses).Fifty infant utterances per recording were selected evenly from thetranscribed ten minutes. All 5400 (108 times 50) utterances weredigitized with a sample frequency of 48 kHz and stored for furtheranalysis. The duration was measured in ms if possible on positivezero-crossings.F0 measurements were performed with an autocorrelationalgorithm [1]. This algorithm proved to be more accurate than thecommonly used methods for speech analysis when tested withsignals with additive noise or jitter. However, the deviantphonation of infants compared to adults caused specific problemswith F0 measurements, for instance because of the high F0 (onaverage 361 Hz for NH infants and 382 Hz for HI infants). Anextremely high F0 often caused interference with the first formant.For instance 190 utterances turned out to have a maximum F0 of over 1000 Hz and 17 utterances were found to have a maximum F0of even over 2000 Hz. Another example of peculiar phonation wasan extremely low F0 because of vocal fry (creaky voice) speciallyfound within the HI group. Also irregular periodicity caused by theuse of false vocal cords was found. Of the total of 5400 utterances266 utterances were judged to be unvoiced, but in many cases aperiodicity in the signal was found by the algorithm. This wasmainly caused by periodic velar trill sounds in case of the HIinfants and by periodic bilabial or tongue trill sounds in case of theNH infants. These problems caused that measurement errors weremade in 36 % of the utterances. A solution was found in checkingeach utterance by comparing the original soundwave and thesynthesized F0 contour auditory and visually. If necessary the F0contour was corrected.3. RESULTS3.1. Utterance durationIn figure 1 the mean utterance duration of the 50 selectedutterances is presented per month, as well as the average durationover the ten months for both groups. It can be observed that themean utterance duration for the ten months combined is somewhatlonger for the HI infants (940 ms, sd=752 ms) than for the NHinfants (915 ms, sd=758 ms) although not significant.An analysis of variance shows a significant effect for age and forthe interaction group*age (p<.00001). A Tukey post-hoc testindicates that this interaction effect is caused by the long utteranceduration at 3.5 months for the NH infants. The mean duration (seefigure 2) at 3.5 months of the NH infants is considerably longerthan that of the HI infants and at any other age in the studiedperiod (p<.00005). Tukey post-hoc test on the data at 3.5 monthsshows a significant difference (p<.01) between the three HI infantsand each of the NH infants except one NH infant who produces thepeak in duration at 4.5 months.2,53,54,55,56,57,58,59,510,511,501

05001000150020002500

NH Duration

HI DurationAge (months)

Mean Duration (ms) Mean Figure 1: Mean utterance duration and standard deviations of the 50 selected utterances for the HI and the NH group per month, aswell as the mean duration for the 10 months combined. (N is 300 at each age of the NH infants, except at 9.5 and 10.5 months whenN = 250). N is 100, 150 and 150 at 2.5, 3.5 and 4.5 months resp. and 300 at 5.5 to 11.5 months in the case of the HI infants.)NH-1NH-2NH-3NH-4NH-5NH-6HI-1HI-4HI-5

050010001500200025003000

NH mean

HI meanInfant

Mean duration (ms) Figure 2: Mean utterance duration and standard deviations of the50 utterances for the HI and the NH group at 3.5 months. N=50 foreach infant.3.2. Fundamental frequencyIn figure 3 the average median fundamental frequency of the 50selected utterances is presented per month, as well as the averagefundamental frequency over the ten months for both groups. It canbe observed that the average for the ten months combined issomewhat higher for the HI infants (382 Hz, sd=170 Hz) than forthe NH infants (362 Hz, sd=152 Hz). The factors group, age andthe interaction group*age all turn out to be significant (p<.0001).A Tukey post-hoc test shows a significantly lower F0 at the age of2.5 months for both groups compared to any other age (p<.005),except 3.5 month. A higher F0 of the HI infants compared to theNH can be found mainly above 8.5 months and turns out to besignificant at 9.5, 10.5, and 11.5 months (p<.01, p<005 and p<.05).A Tukey post-hoc test on the data of those months shows that thiseffect is due mainly to two HI infants with an extremely highmedian F0.

2.53.54.55.56.57.58.59.510.511.501

0100200300400500600700

NH Median

HI MedianAge (months)

Median F0 (Hz) Mean Figure 3: Average median F0 and standard deviations of the 50 selected utterances for the HI and the NH group per month, as well asthe average median F0 for the 10 months combined. (N: see figure 1)2,53,54,55,56,57,58,59,510,511,501

0102030

NH % Voicel.

HI % Voicel.Age (months)

Number of voiceless utterances (%) Mean Figure 4: Mean number of voiceless utterances out of the 50 selected utterances for the HI and the NH group per month, as well as themean number of utterances for the 10 months combined. (N=6 at each age of the NH infants, except at 9.5 and 10.5 months when N=5.N=2, 3 and 3 at 2.5, 3.5 and 4.5 months resp. and 6 at 5.5 to 11.5 months in the case of the HI infants.)When the data over all months are combined the mean peak (=maximal) F0 turns out to be significantly higher (p<.00001) in caseof the HI infants (459 Hz, sd=264 Hz) compared to the NH infants(430 Hz, sd=234 Hz). However, in none of the separate months thedifferences between the groups become significant.To study F0 variation within the utterances, the range and standarddeviation of each utterance is measured. Over all monthscombined, both measurements show significantly more F0variation within utterances produced by the HI infants compared tothe NH infants (range: p<.0005, standard deviation: p<.005). Themean range within the utterance of the HI infants is 161 Hz(sd=229 Hz) and of the NH infants 137 Hz (sd=196 Hz) and themean standard deviation within the utterance of the HI infants is46 Hz (sd=72 Hz) and of the NH infants 41 Hz (sd=62 Hz). Innone of the separate months a significant difference between thetwo groups is found.Despite the significant differences between the groups (when dataover all months are combined) for median F0, peak F0 and F0variation, it would be incorrect to conclude that all HI infantsproduce a higher median and maximal F0, and more variationwithin the utterances compared to all NH infants. Between 7.5 and11.5 months we found in most months not only the subject with,on average, the highest mean and peak F0 and most variation inthe HI group, but also the subject with, on average, the lowestmean and peak F0 and the least variation. Also, when studying therange and standard deviation of the 50 utterances per month it canbe seen that in most cases both the subjects with, on average, thehighest as well as the lowest range and standard deviation can befound in the HI group.3.3. Number of Unvoiced UtterancesIn figure 4 the mean number of voiceless utterances out of 50utterances is presented per month, as well as averaged over the tenmonths for both groups. It can be observed that the averagepercentage for the ten months combined is higher for the HIinfants (6.8 %) than for the NH infants (2.4 %). The differencesstart to appear at the age of 8.5 months and turn out to besignificant (p <.025) according to a Mann-Whitney U test at theages of 9.5, 10.5, and 11.5 months combined. Most of theunvoiced utterances of the HI infants are produced as velarfricative or trill sounds, while this is not the case for the NHinfants.

4. DISCUSSIONIn summary, it seems that already within the period investigated,(between 2.5 and 11.5 months of age) several differences in thespeech production between HI and NH infants can be observed.The differences become more clear from about 8.5 monthsonwards, with respect to utterance duration, median and maximalF0, F0 variation, and voiceless sound production. This may be dueto lack of auditory feedback on the speech production from thatage. In the first months fewer differences between the two groupsare observed. This may suggest a stronger influence of biologicallydetermined factors (e.g. anatomical growth) rather than of auditoryfeedback on vocalizations in these first months compared to laterperiods.We found a longer utterance duration for the NH infants at age 3.5months compared to the HI infants (see figure 1 and 2). All NHinfants produced this �peak� in the duration except one NH infantwho made the peak a 4.5 months. It seems that infants can producelonger utterances after their third month of life, when their rib cagehas restructured towards the adult configuration [4]. From that ageNH infants can control the duration of their utterances byregulating their sub-glottal air pressure, as is shown by examplesof imitation of the duration and pitch of mother utterances by athree months old infant [7]. According to Lieberman it might bethe case that the probably innate propensity for sub-glottal airpressure and laryngeal muscles needs to be exercised within acritical period [5]. He suggests that the lack of exercising in thisperiod might result in the extremely poor control of sub-glottal airpressure and of larynx muscles by older deaf children. The lack ofthe "duration peak" by the HI infants at about 3.5 months in ourstudy seems to support this idea. After the 5th month, the HIinfants produce on average somewhat longer utterances than theNH infants.The deaf infant studied by Kent et al. [3] showed on average ahigher peak F0 and a wider range in the peak F0 of his utterances,compared to his hearing twin brother. In our study we found onaverage a slightly higher median and peak F0 and more variationwithin the utterances in the sound production of HI infantscompared to those of the NH infants. However, studying theindividual subjects, we didn�t find evidence for a clear distinctionbetween the HI and NH subjects by means of F0. It can beconcluded that the HI subjects showed more variation in theirphonation than their hearing peers did. For instance, we found inthe HI groups more examples of vocal fry and the use of falsevocal cords (resulting in an extremely low and minimallyvariegated F0 within the utterance), screaming (with an extremelyhigh and often markedly variegated F0 within the utterance),articulation without voicing, etc. So, we did not find evidence forthe finding of Stark that the sound types which are characteristic ofthe "vocal play stage" (experimentation with squealing, growling,friction and other noises) are produced by HI infants to a limitedextent only [8]. A possible explanation for this difference in resultsmight be that Stark studied the utterances of HI infants from 15months onwards.5. CONCLUSIONIt seems that already within the investigated period, i.e., between2.5 and 11.5 months of age, several differences in the soundproduction between HI and NH infants can be observed withrespect to utterance duration and F0. Our preliminary resultssuggest that a lack of auditory feedback influences the speechproduction already in this very early stage of development.6. ACKNOWLEDGEMENTSThis study is financially supported by the Institute for the Deaf inSt. Michielsgestel and the Institute for Functional Research ofLanguage and Language Use of the University of Amsterdam.7. REFERENCES1.Boersma, P. �Accurate short-term analysis of the fundamentalfrequency and the harmonics-to-noise ratio of a sampledsound�, Proceedings of the Institute of Phonetic SciencesAmsterdam, 17: 97-110, 1993.2.Clement, C.J., Den Os, E.A., & Koopmans-van Beinum, F.J.�The development of vocalizations of hearing impairedinfants", Proceedings of the Institute of Phonetic SciencesAmsterdam, 18: 65-76., 1994.3.Kent, R.D., Osberger, M.J., Netsell, R., & GoldschmidtHustedde, C. �Phonetic development in identical twinsdiffering in auditory function�, Journal of Speech andHearing Disorders 52: 64-75, 1987.4.Langlois, A., Baken, R.J., & Wilder, D.N. �Pre-speechrespiratory behaviour during the first year of life�, In: T.Murray and J. Murray (Eds), Infant communication: cry andearly speech., Houston, Texas: College Hill Press, 1980.5.Lieberman, P. �The acquisition of intonation by infants:physiology and neural control�, In: C. Johns-Lewis (Ed.),Intonation in discourse, San Diego: College-Hill Press, Inc.:239-257, 1986.6.Oller, D.K. and Eilers, R.E. �The role of audition in infantbabbling�, Child Development 59: 441-449, 1988.7.Sandner, G.W. �Communication with a three-month oldbaby�. Proceedings of the Thirteenth Annual Child LanguageResearch Forum, Standford University, 1981.8.Stark, R.E. �Phonatory development in young normallyhearing and hearing impaired children�, In: I. Hochberg, H.Levitt & M.J. Osberger (Eds), Speech of the hearingimpaired: Research, training and personal preparation.Baltimore, University Park Press: 251-266, 1983.9.Stoel-Gammon, C. �Prelinguistic vocalizations of hearingimpaired and normally hearing subjects: a comparison ofconsonantal inventories�, Journal of Speech and HearingDisorders 53: 302-315, 1988.