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Abstract

Background: Conventionally, it is believed that high-frequency auditory information is important for speech understanding.
This is only partly true, as recent studies have demonstrated the importance of low-frequency information. This research was
taken up to develop, standardize, and validate auditory low-frequency word lists in Hindi, an Indian language.

Material and methods: The first phase of the study involved collection of bisyllabic words followed by verification by a native
linguist. Words were then short-listed based on familiarity ratings given by 10 adult native speakers; those words were record-
ed and the best recorded words selected through subjective and objective analysis. Then, using Fast Fourier Transform and
k-means clustering, words with more energy below 1.5 kHz were isolated. Finally, equally difficult 10 word lists were generat-
ed by obtaining psychometric function curves. Finally, lists were administered on 40 adult normal hearing participants at 0,
10, 20, and 30 dB sensation level (SL). The word list was also standardized on 100 Hindi speakers at 40 dB SL.

Results: Results showed a similar trend of increase in speech identification scores with increase in SL across all lists except
list 4. During the final phase, developed lists were validated on 10 simulated low-frequency cochlear hearing loss participants.
Hearing loss was simulated using Matlab and National Institute for Occupational Safety and Health (NIOSH) software. Re-
sults of validation revealed that auditory low-frequency word lists were sensitive enough to tap the speech understanding dif-
ficulty in the simulated condition.

Conclusions: The developed word lists can be used clinically to assess communication ability in individuals with rising hear-
ing loss. The word lists also have the potential to assess the performance after amplification provided to individuals with ris-
ing hearing loss.

Key words: Hindi « bisyllabic word lists « speech identification scores « frequency loss « hearing loss simulation « psychomet-
ric equivalence

ELABORACION Y ESTANDARIZACION DE LISTAS DE PALABRAS DE BAJA
FRECUENCIA PARA EL IDIOMA HINDI

Resumen

Introduccion: Comtinmente se cree que la informacion codificada en las altas frecuencias es fundamental en el proceso de
la comprension del habla. Sin embargo, en vista de los presentes estudios, los cuales demuestran una importancia considera-
ble de la informacidn codificada en las bajas frecuencias, este argumento es solo en parte verdad. En el marco de los estudios
descritos en la presente publicacion, se han elaborado, estandarizado y normalizado listas de palabras de baja frecuencia para
el idioma hindi, una de las lenguas indoarias.

Materiales y métodos: En la primera fase de los trabajos de investigacion, se agruparon palabras bisilabas, verificadas por un
lingiiista hablante nativo del idioma. A continuacion, en base a la valoracion del conocimiento de las palabras, realizada por
10 hablantes nativos del idioma, dicha lista se acortd y gravo, y las mejores versiones de la grabacion se eligieron segin una
valoracion subjetiva y objetiva. El siguiente paso fue aislar palabras por debajo de 1,5 kHz mediante transformada rapida de
Fourier y algoritmo K-means. En la fase final se crearon 10 listas de palabras del mismo grado de dificultad segtin curvas psi-
cométricas y, por consiguiente, cada una de las listas se us6 para examinar a 40 personas con la audicion normal, aplicando
un nivel percepcion de estimulos sonoros de 0, 10, 20 y 30 dB SL. Dichas listas se sometieron a una estandarizacion que abar-
6 100 hablantes del idioma hindi, presentandoles las palabras a un nivel de 40 dB SL.

Resultados: En todas las listas, salvo la lista no. 4, se ha observado una mejora similar del grado de identificacién del ha-
bla, proporcional al aumento de la percepcién de estimulos sonoros (SL). En la etapa final, las listas creadas se normalizaron
en un grupo de 10 pacientes con pérdida coclear, utilizando el programa Matlab y el software del Instituto Nacional para la
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Seguridad y Salud Ocupacional (National Institute for Occupational Safety and Health, NIOSH). En el proceso de normaliza-
cion se ha demostrado que en condiciones experimentales las listas de palabras de baja frecuencia son suficientemente sensi-
bles para poder identificar las dificultades en la comprension del habla.

Conclusiones: Las listas elaboradas podran utilizarse en la evaluacion clinica de habilidades comunicativas en pacientes con
una pérdida de audicion progresiva. Pueden también servir para evaluar a estas personas tras la aplicacion de audifonos.

Palabras clave: hindi » listas de palabras bisilabas « identificacion del habla « pérdida de audicion de alta frecuencia « simu-
lacién de pérdida auditiva « equivalencia psicométrica

PA3PABOTKA M CTAHOJAPTU3AIIVIA HU3BKOYACTOTHDBIX CJIOBECHBIX
CIIMCKOB /I A3bIKA XMHIN

W3noxxenune

BBene}me: C‘lI/ITaeTCH, 4To I/IHCbOpMaIH/IH, KOoMpyromasca B BBICOKMX YaCTOTaX, IMEET CYIIECTBEHHOE 3HAYE€HNE B IIPO-
necce IMIOHMMaHNA peun. OI[HaKO B CBETE€ aKTyaJIbHbIX MCCHeHOBaHMﬁI, B KOTOPBIX 661710 JOKAa3aHO HEMA/IO€ 3HAYCHME
I/IH(I)OpMaIlI/II/I, KOJII/IPYIOIIICI"/IC}I B HUB3KUX YaCTOTAX, JTaHHOE YTBEPXKIAECHNE ABIACTCA BEPHBIM TOIBKO YaCTUYIHO. B pam-
KaxX UC/IeOBaHMIA, paccMaTUBAIOINXCA B HacTosmen ny6m/11<au1/u/1, 6111 paspa60TaHbI, CTaHAAPTU3MPOBAHbI 1 HOP-
Ma/IM3NpOBAHbI HU3KOYAaCTOTHBIE C/IOBECHDBIE CIIVICKU /1A A3bIKA XMHIAN — OOHOTIO 13 HOBOI/IH,‘EU/H;ICKI/IX A3bIKOB.

Marepuan u MmeToasl: Ha mepBoM ararre ncciefoBaTenbcKux paboT ObUIn coOpaHbl {BYCIOXKHbIE CTIOBA, IPOBEPEHHbBIE
A3BIKOBEIOM, KOTOPDIil AB/AETCA €CTeCTBEHHbIM HOCHUTEIeM A3bIKa. 3aTeM Ha OCHOBAHMI OLIEHKM 3HAHMUA CJIOB, Cfie-
JIAHHOJI IeCAThI0 eCTeCTBEHHBIMU HOCUTEIAMM A3bIKa, CIMCOK OBUI COKPAIIEH 1 3amicaH B ayguodopmare, Ipuiém
caMble JTy4YIlye BepCuy 3amucy ObUiM BbIOpaHbI HA OCHOBaHUY OObEeKTUBHOI U CyO'beKTUBHOI oueHKM. Crlefyoommum
uraroM ObIIO BbIfIe/IEHIE C/IOB C SHEPreTUYeCKNM 3apsioM MeHee 1,5 kI Ha OCHOBaHUU OBICTPOro IMpeoOpasoBaHMsI
Dypbe u Merona k-cpepuux. Ha koHe4HOM 3Tare 66110 co34aH0 10 CTOBECHBIX CIMCKOB IIOXOXKETO YPOBHSI CTIOXKHOCTH
Ha OCHOBE IICUXOMEeTPUYECKIX KPUBBIX, IIOC/IE Yero KayK/blil M3 CIVCKOB MCIIONb30BasICA s uccnenopanmus 40 yeno-
BEK B CJIyXOBOJI HOpMe Ha ypoBHe BocupuATu: 0, 10, 20 u 30 ab SL (sensation level). TaHHbIe CIIMCKM TTOfBEPIINCH
CTaHJapTU3aLNY, OXBaThIBarollelt 100 mosb3oBaTesieil A3bIKa XMHAY, KOTOPBIM CI0Ba ofaBannuch Ha yposHe 40 gb SL.

PesynbraTsl: 3a MICK/IIOUEHMEM CIIVICKA 4, B C/Ty4ae BCeX OCTA/TbHBIX CIIVMICKOB HAO/I0A/IOCh IOX0Kee YIydlLIeHNe YPOBHA
upeHTNGUKALNN pedr, IPOIOPLUMOHAIbHOE pOCTY ypoBH:A BocipuATuA (SL). Ha mociegHeM sTame co3gaHHbIe CIIMCKA
ObUIM HOPMa/lIM3MPOBaHbl B Ipymie 10 MalMeHTOB C TYTOYXOCThIO, BBI3BAHHON MOBPEXIEHUAMI CTPYKTYP BHYTPEH-
HeTO yXa, C MCII0/Ib30BaHmeM Inporpammbsl Matlab u nporpammHoro o6ecnevenns HaunoHanmbHOTO MHCTUTYTA OXpa-
Hbl Tpyaa (NIOSH). B nporecce HopManusanumu ObI1o 0OHAPYKEHO, 9YTO B YCIOBUAX MCCIETOBAHUA HU3KOYACTOTHBIE
C/IOBECHBIE CIIUCKM ABJIAIOTCA JOCTATOYHO 4yBCTBUTENbHBIMY, YTOOBI OOHAPY>KUTD CTIOKHOCTY C TOHVMAaHUEM Peydn.

BriBoppl: Paspab6oTaHHbIe CIIMCKY MOTYT UCHONB30BAaThCA B KTMHUYECKOI OIleHKe KOMMYHUKAaTHBHOM KOMIIETEHTHO-
CTU TIALMEHTOB C HAapaCTAKIIEH TYroyXocTbio. OHM TaK)Ke MOTYT CITYXKUTb I €€ OLleHK!U MOC/Ie YCTAaHOBKM CITyXO-
BBIX alllIAPaTOB Yy TAKUX JIIOJEN.

KaroueBbie cnoBa: XMHAN e CIIVICKM OIBYXCJIOJKHBIX C/IOB e I/I,IICHTI/I(i)I/IKaLH/IH pe€uM ¢ BBICOKOYACTOTHAA IIOTEPA CIIyXa e
CUMY/IALNA TYTOYXOCTHU o IICIXOMETPMYECKasA 3KBMBAIEHTHOCTD

OPRACOWANIE I STANDARYZACJA NISKOCZESTOTLIWOSCIOWYCH LIST
SEOWNYCH DLA JEZYKA HINDI

Streszczenie

Wprowadzenie: Powszechnie uwaza sig, ze informacje kodowane w wysokich czestotliwosciach s istotne w procesie rozumie-
nia mowy. Jednak w §wietle obecnych badan, w ktérych wykazano niemale znaczenie informacji kodowanej w niskich czestotli-
wosciach, twierdzenie to jest tylko po czeéci prawdziwe. W ramachbadan opisywanych w niniejszej publikacji opracowano, wy-
standaryzowano oraz znormalizowano niskoczgstotliwosciowe listy stowne dla jezyka Hindi, jednego z jezykéw nowoindyjskich.

Material i metody: Na pierwszym etapie prac badawczych zestawiono stowa dwusylabowe, zweryfikowane przez jezykoznawce,
bedacego rodzimym uzytkownikiem jezyka. Nastepnie - na podstawie oceny znajomosci stow, dokonanej przez 10 rodzimych
uzytkownikow jezyka - liste te skrocono i nagrano, przy czym najlepsze wersje nagrania wybrano na podstawie oceny subiek-
tywnej i obiektywnej. Kolejnym krokiem bylo wydzielenie stéw o tadunku energetycznym ponizej 1,5 kHz na podstawie szyb-
kiej transformaty Fouriera i algorytmu k-$rednich. W koricowym etapie stworzono 10 list stownych o podobnym poziomie
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trudnoéci na podstawie krzywych psychometrycznych, a nastepnie kazda z list wykorzystano do badania 40 0s6b w normie
stuchowej na poziomie odczucia 0, 10, 20 oraz 30 dB SL. Listy te poddano standaryzacji, obejmujacej 100 uzytkownikow je-
zyka Hindi, ktérym stowa podawano na poziomie 40 dB SL.

Wyniki: Za wyjatkiem listy 4, w przypadku wszystkich list zaobserwowano podobng poprawe stopnia identyfikacji mowy, pro-
porcjonalna do wzrostu poziomu odczucia (SL). W koncowym etapie, stworzone listy znormalizowano w grupie 10 pacjen-
tow z ubytkiem §limakowym, z wykorzystaniem programu Matlab i oprogramowania Panstwowego Instytutu Bezpieczenstwa
i Higieny Pracy (NIOSH).W procesie normalizacji wykazano, iz w warunkach badania niskoczestotliwosciowe listy stowne sa
wystarczajaco czule, by wykry¢ trudnosci z rozumieniem mowy.

Whioski: Opracowane listy moga by¢ wykorzystane w klinicznej ocenie sprawnosci komunikacyjnej u pacjentoéw z narastaja-
cym niedostuchem.Moga takze stuzy¢ do jej oceny po zastosowaniu aparatow stuchowych u tych oséb.

Slowa kluczowe: Hindi e listy stow dwusylabowych « identyfikacja mowy « ubytek wysokoczestotliwosciowy « symulacja nie-

dostuchu « réwnowaznoé¢ psychometryczna

Background

Hearing loss can emerge due to a variety of causes. Audi-
tory signs and symptoms of different hearing disorders are
almost unique. One sign that helps us identify the cause of
a hearing problem is the shape of the audiogram. The loss-
es in the audiogram are usually different for different dis-
orders: certain disorders lead to a flat pattern, while oth-
ers result in more loss at either low or high frequencies.
Many studies report the estimate of prevalence of differ-
ent configurations of hearing loss over the years. Margol-
is and Saly [1] reported that the sloping configuration was
the most common (40%), followed by flat (16%), peaked
(5%), rising (3%), other (2%), and trough (1%) configu-
rations. As per the findings of the National Speech and
Hearing Survey, carried out on 38,568 children between
grade 1 to 12, around 2% had low-frequency hearing loss
and 3-4% had high-frequency hearing loss [2]. Rabinow-
itz et al. [3] reported that among 2526 young adults (ages
17-25 years), 16% had high-frequency hearing loss and 5%
had low-frequency hearing loss. In elderly individuals (age
>60 years), the prevalence of different hearing loss config-
urations was found to be 29% flat, 6% rising, 36% gradu-
ally sloping, and 29% sharply sloping [4]. On inspecting
these results, it can be observed that across ages there is
a small but considerable proportion of population which
has low-frequency loss.

Conventionally, it is believed that high-frequency sounds
are more important for speech understanding, and thus
more focus has been given to perception of speech by in-
dividuals with high-frequency hearing loss [5,6]. Research-
ers have attempted to develop assessment tools for testing
high-frequency speech perception difficulties and the re-
search focus has even extended towards developing new
concepts and technologies for better rehabilitation of indi-
viduals with high-frequency loss [5-8]. However, the con-
cept that only high-frequency sounds contribute to bet-
ter speech understanding is just partly true, as there are
studies which support the importance of low frequencies
in speech perception [9,10].

Jin and Nelson [9] studied the effect of low to mid fre-
quency information on sentence recognition and found
that those listeners with higher degree of hearing losses
in the low frequencies performed poorer in understand-
ing interrupted sentences. Also, low to mid frequency

hearing thresholds accounted for most of the variabil-
ity in perception of speech in the presence of noise (a
masker) for listeners with hearing impairment. Based on
these findings, they concluded that low-frequency infor-
mation within speech plays an important role in segre-
gating speech from competing background noise. Pro-
viding low to mid frequency additional amplification to
people with severe-to-profound sensorineural hearing loss
has been shown to improve their speech comprehension
abilities [11]. Gantz et al. [10] studied the benefit of a hy-
brid cochlear implant on 21 patients and found a signifi-
cant improvement in speech understanding in noise over
standard cochlear implant participants. They concluded
that low-frequency hearing is important for speech per-
ception, especially in noise.

Further, it has been reported that the importance of fre-
quency for speech perception is language-dependent. That
is, in certain languages more weighting is given to low fre-
quencies in understanding speech. Avilala et al. [12] ex-
amined the effect of filtering of monosyllables and words
on speech perception in 30 normal adults. They reported
that in Kannada, a south Indian language, the low-pass
cut-off frequency for words at which 70% speech identifi-
cation scores were obtained was 1200 Hz, which is slightly
lower than the cut-off frequency (1500 Hz) reported for
English words [13].

Owing to the diversity and the varying underlying pathol-
ogy of auditory disorders, it is reasonable to speculate that
speech perception of different clinical populations is differ-
ent. One set of patients may have good speech perception
abilities at high frequencies while another may be at low-
er frequencies. Factors underlying their varying capacities
may be the degree of hearing loss, configuration of hear-
ing loss, or the underlying pathology itself. For instance,
Prabhu et al. [14] studied the speech perception abilities
of individuals with auditory dys-synchrony and found that
speech understanding scores was poorer for low-pass fil-
tered words in comparison to unfiltered words. They also
recommended the use of low-pass filtered words as a tool
for accurately assessing speech perception difficulties in
individuals with auditory dys-synchrony.

Speech is highly redundant owing to the simultaneous
transmission of information in several ways. Thus, a hear-
ing loss involving only a part of frequency range may go
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undetected if standard speech tests are used. Convention-
ally, phonetically balanced (PB) word lists are used to as-
sess speech understanding abilities. Hindi PB word lists
were developed by De [15]. The usefulness of these tests
has been validated for individuals with a flat hearing loss.
Thus, use of these tests for determining communication
problems may not be accurate if an individual has more
loss at low or high frequencies. Several test materials have
been developed in Indian languages that can assess indi-
viduals with high-frequency hearing loss. Some of these
include high-frequency word list in Hindi [16], Kanna-
da [17], English [18], Tamil [19], and Telugu [20]. These
tests are now used to assess an individual’s perception of
high-frequency speech information. However, to date few
attempts have been made to develop speech materials for
assessing a patient’s ability to perceive low-frequency in-
formation. In addition, auditory low-frequency word lists
are needed to select appropriate hearing devices/manage-
ment options for individuals with low-frequency hearing
loss. Such a word list may also be useful to assess hearing
disorders with varying speech perception abilities for low
and high-frequency speech information.

The objectives of the study were to develop auditory low-
frequency word lists in Hindi and to obtain speech identi-
fication scores. The objectives were also to establish equal-
ized multiple lists and standardize the developed word lists.
An attempt was also made to check the validity of the de-
veloped word lists by administering them under a simu-
lated rising hearing loss condition.

Material and methods

The present study aimed to develop auditory low-frequen-
cy word lists in Hindi (an Indo-Aryan language of India).
For this purpose the study was conducted in three phas-
es: development of the auditory low-frequency word lists;
standardization of the test materials developed; and deter-
mining the usefulness of the test materials.

Phase I. Development of the auditory low-frequen-
cy word lists

This phase was subdivided into four stages: collection of
words and obtaining familiarity ratings; recording and se-
lection of the best recorded words; separating words with
dominant low-frequency energy; and finally generating
word lists with equal difficulty levels.

Collection of words and obtaining familiarity ratings

Bisyllabic Hindi words were collected from different sourc-
es (common newspapers, magazines, books). The words
were collected irrespective of the energy concentration of
phonemes across frequencies. Those words were verified
for the presence of any script errors and correct categori-
zation as bisyllabic words by a native linguist. Then, the
corrected word list was given to 10 adult native Hindi lan-
guage speakers to rate the words on a 5-point familiari-
ty rating scale. The ratings used were ‘unfamiliar ‘less fa-
miliar, familiar, ‘more familiar, and ‘most familiar’ If the
meaning of a word was not known to the native speak-
er, they were asked to rate it as ‘unfamiliar’ or ‘less famil-
iar’ If the speaker had heard a word before, it was asked

42

to be rated as ‘less familiar} and if the speaker had heard
the word for the first time then the rating they were asked
to give it was ‘unfamiliar’ They were told to rate a word as
‘familiar’ if the speaker was aware of the meaning but used
it rarely. Speakers were instructed to give ‘more familiar’
ratings to words used often, and ‘most familiar’ ratings to
words which they used very often in day-to-day conver-
sation. Familiarity ratings from all participants were com-
piled and analyzed. The words rated familiar, more familiar,
or most familiar by 70% of the participants were consid-
ered and the rest of the words were excluded from the list.

Recording of words and selection of best recorded
words

Selected words were recorded in a sound treated room us-
ing Computerized Speech Lab Model 4500, an input/out-
put recording device for personal computers by KayPen-
tax. Recording was done using a 16-bit analogue to digital
converter at a sampling rate of 44.1 kHz. A unidirectional
dynamic microphone (Shure SM-48) was used for record-
ing and was kept at about 6 cm from the speaker’s mouth.

Initially, 15 of the selected words were recorded from 3
native adult male fluent speakers of Hindi. As the mean
fundamental frequency of male speakers is lower than fe-
male speakers, the male voice was used for recording the
words. The recordings were then given to 4 adult native
speech and hearing professionals with normal hearing for
judging the most appropriate voice to record the entire list.
Judges were asked to rate the voice based on voice quali-
ty, clarity, and naturalness on a 3-point rating scale (poor,
fair, and good). The voice which received the highest score
was selected and that person’s voice was used for record-
ing all the words selected.

The selected familiar words were recorded with the select-
ed speaker’s voice in 5 separate sessions. Each word was
recorded five times in a clear and monotonous voice. Out
of five recordings, the first and the last were removed and
only the middle three underwent subjective and objective
analysis for selection of the best recorded words. Praat
software (version 5.3.03) was used for objective analysis.
Firstly, words were subjectively analyzed and rated by an
experienced audiologist for clarity of the utterance, pres-
ence of any intonation patterns, and audible background
noise. Out of the three repetitions of each word, the best
rated recordings - free of background noise, clear, and
monotonous — were considered. Further, among those
same recordings, one with visible pitch and formants ob-
served using Pratt software was finally selected during ob-
jective analysis. Those words for which all five repetitions
were eliminated during subjective and objective analysis
(if they did not satisfy any of the criteria) were re-record-
ed, and the entire analysis procedure repeated. A sam-
ple spectrogram of one of the words in Hindi is shown
in Figure 1. All the selected audio samples of words were
edited to remove silence and saved in.wav format. These
wave files were equalized to a root mean square (RMS)
amplitude of -26 dB prior to further processing. Matlab
7.9.0 (Mathworks; Natick, MA, USA) was used for edit-
ing and for offline analysis.
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Figure 1. Spectrogram of Hindi word/pooja/showing formants (red dotted lines) and pitch (blue solid line)

Separating words with dominant low-frequency
energy

Using Matlab R2009b, a Fast Fourier Transform (FFT) was
carried out for all words. The FFT was done with a Han-
ning window and a narrowband slice of 0.03 seconds. The
amplitude of energy below and above 1.5 kHz was calcu-
lated for all the words individually. These amplitudes were
used to obtain amplitude ratios: the ratio of energy below
1.5 kHz to that above 1.5 kHz. Amplitude cut-off ratios for
Hindi words was 1.8. Further, considering these amplitude
ratios, k-means clustering was applied to all the words. In
k-means clustering, the total data is divided into a num-
ber of clusters with its nearest mean. Here, clustering re-
sulted in the formation of 2 clusters, one with words hav-
ing dominant low-frequency energy and the other with the
rest of the words. Thus, a targeted low-frequency cluster
of words was isolated.

Using Matlab, a long-term average speech spectrum
(LTASS) was obtained for the clusters of low-frequency
words. This was achieved by performing a Fast Fourier
analysis on 2048-point Hamming-windowed samples, and
then computing the average magnitude spectrum across
samples. This was carried out to verify the correct cate-
gorization of words as low-frequency dominant. To fur-
ther ensure that the lists did not include words with more
high-frequency energy, the words were also subjected to
phonemic analysis. During this analysis, attempts were
made to eliminate the words having consonants consid-
ered as high-frequency in Hindi. Thus, the word list was
further short-listed making sure there was a predominance
of low-frequency energy.

Generating word lists with equal difficulty

All the auditory low-frequency words were then presented
to 25 adult native speakers with normal hearing at 5 dif-
ferent sensation levels (ref: pure tone average). Sensation
levels (SLs) considered were +0, +4, +8, +12, and +16 dB.
A calibrated dual channel diagnostic audiometer (Maico
53) was used for screening participant’s hearing and also

to present the words. The recorded speech material was
played back using Matlab. The signal was routed through
a personal computer to the audiometer and presented
through Sennheiser HDA-200 headphones.

All the auditory low-frequency words were presented at
one sensation level (SL) for each participant, and data
was collected from 5 participants at each SL. The partic-
ipants were asked to write down the words, and speech
identification (SI) scores were calculated using the fol-
lowing formula:

SI Score — Lotal number of correct responses . ;1
Total number of words presented

The speech identification scores obtained from the partic-
ipants at each SL were averaged and tabulated. Based on
the averaged scores at all SLs, psychometric functions were
derived for all the words using Matlab. The mean sensa-
tion level (where 50% SI scores occurred) and mean slope
of the psychometric functions were obtained. Words fall-
ing within +1.5 standard deviations of the overall mean
and slope were accepted. These words were used to make
the final word lists of 25 words each. However, lists were
not phonemically balanced as high-frequency consonants
were removed.

For constructing an equalized list, firstly 25 words were
randomly selected from the available word pool. For each
list, the mean SL where 50% scores occurred and the mean
slope was calculated. The mean SL and slope were com-
pared with the overall mean SL and slope of the low-fre-
quency word pool obtained initially. If the mean value
was within +1.5 standard deviations, then the list con-
sidered was selected. If not, then another set of 25 words
were randomly selected and this procedure was repeated.
As a result, finally 10 Hindi word lists of 25 words each
were formed. The word lists developed were recorded on
a CD-R using a personal computer at 16 bits and 44.1 kHz
sampling frequency.
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Table 1. List of Hindi-speaking individuals with simulated rising cochlear HL

Age (years)/gender Ear Pure tone average (dB HL) SIS (%)
1 18/M R 10 100
2 20/F R 11.25 100
3 18/F L 10 96
4 19/M R 12.5 100
5 20/F L 7.5 100
6 22/F L 6.25 96
7 25/M R 15 100
8 19/F L 5 100
9 28F R 7.5 100
10 21/M L 11.25 100

SIS — Speech Identification Scores; L — left, R — right.
Phase II. Standardization of the test material

The developed test materials in Hindi were standardized
by obtaining the SI scores from 100 adult native Hin-
di speakers at 40 dB SL. All participants were in the age
range of 18 to 55 years. It was ensured that all the partic-
ipants had hearing thresholds within 15 dB HL at octave
frequencies between 250 Hz and 8000 Hz and SI scores
above 90% [15]. The participants had type A’ tympano-
grams with acoustic reflexes present bilaterally. Also, all
the participants had bilateral TEOAEs present and more
than 60% score on speech perception in noise test at 0 dB
signal to noise ratio.

A calibrated dual channel diagnostic audiometer (Maico
53) was used for pure tone and speech audiometry. The
recorded speech material was played back using Matlab.
The signal was routed through a personal computer to
the audiometer and presented through Sennheiser HD-
200 headphones.

Establishing psychometric function curves

The word lists developed in Phase I were used to obtain
SI scores at 0, +10, +20, and +30 dB SL (ref: pure tone av-
erage). 40 normal hearing participants were tested at each
SL to establish the psychometric function curve. To avoid
an ear effect, for 20 individuals the words were present-
ed to the right ear and for the remaining 20 participants
the left ear was used for testing. An open set response in
the form of verbal repetitions was obtained from all par-
ticipants. The SI scores at each SL were averaged, tabulat-
ed, and analyzed.

Phase III. Determining the usefulness of the test
material

Due to the unavailability of Hindi-speaking patients
with low-frequency cochlear hearing loss at the centre
where data was collected, a rising cochlear hearing loss
was simulated on normal hearing individuals using Mat-
lab and National Institute for Occupational Safety and

Health (NIOSH) Hearing Loss Simulator software (ver-
sion 3.0.12151). The categorization of rising type was made
based on the classification given by Lloyd and Kaplan [21].
The details of Hindi-speaking individuals with simulated
cochlear hearing loss are shown is Table 1.

Using NIOSH software, moderate rising low-frequency
hearing loss was simulated for all participants by manu-
ally setting the hearing thresholds for octave frequencies
between 125 Hz to 8000 Hz. Using Matlab software, re-
duced frequency selectivity was added to the hearing loss
simulation. This was done by splitting the input signal
into 13 frequency bands, and processing the envelope in
each band so as to create reduced frequency selectivity in
a normal ear that would resemble those produced in an
impaired ear with cochlear loss and the bands were then
recombined. The detailed procedure followed to generate
spectrally-smeared output has been described by Moore
and Glasberg [22]. The procedure included calculating a
short-term spectrum using a Hamming window and an
FFT. Following that, the spectrum was smeared and then
transformed back to the time domain using an inverse
FFT. Finally, waveforms obtained from overlapping anal-
ysis frames were added to produce the final output.

Hearing thresholds were obtained for octave frequencies
between 250 to 8000 Hz. The pure tone average (PTA) was
an average of thresholds at 0.5, 1, 2, and 4 kHz. Speech
identification scores were obtained using phonetically bal-
anced word lists available in Hindi [15]. The standardized
auditory low-frequency word lists (10 lists in Hindi) were
presented to all the participants at 30 dB SL (ref. PTA).
The presentations were randomized, both in terms of or-
der of words and lists. SI Scores were obtained using the
formula given in Phase I. Scores were then averaged and
tabulated for all the lists separately. To explore the differ-
ence in performance between normal hearing individu-
als and individuals with simulated rising cochlear hearing
loss, data was analyzed using SPSS software (version 20).
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Figure 2. Mean and SD of Sl scores obtained for word lists in Hindi at 40 dB SL

Results

The study was carried out in three phases: 1) Develop-
ment of the auditory low-frequency word lists; 2) Stand-
ardization of the word lists developed; and 3) Validating
the usefulness of the test material developed. Results of
all the phases are provided separately and analyzed using
SPSS (version 20).

Development of the auditory low-frequency word
lists

Collection of words and obtaining familiarity rating

One of the important factors to be considered while devel-
oping speech material is word commonness or familiari-
ty [23]. With this in mind, a total of 2012 and 2090 bisyl-
labic words were collected from common sources in Hindi.
It was then evaluated by a native linguist for script errors
and correct categorization as bisyllabic words. Further, a
5-point familiarity rating scale (‘unfamiliar; ‘less familiar)
‘familiar] ‘more familiar, ‘most familiar’) was used to get
familiarity ratings for all words by 10 native adult speak-
ers. ‘Less familiar’ and ‘unfamiliar’ words were eliminat-
ed and the words left over were 1319.

Selection of the best recorded words

The 1319 Hindi bisyllabic words were recorded five times
using the best speaker as judged by five professionals. Af-
ter perceptual analysis by an audiologist and an objective
analysis using Praat software, 1319 best recorded bisyllab-
ic words were selected.

Separating words with dominant low-frequency
energy

The above-mentioned 1319 recorded words were subject-
ed to fast Fourier transformation (FFT) to obtain ampli-
tude ratios having a cut off frequency of 1.5 kHz. k-mean

clustering was done to identify the low-frequency and
high-frequency words based on an amplitude ratio of 1.8.
Based on k-mean clustering, 850 words were rated to be
low-frequency words. To verify the difference in ener-
gy distribution across frequencies, the long-term average
speech spectrum (LTASS) was executed on the clusters of
850 words grouped as low frequency. To further ensure
that the lists did not include phonemes with high-fre-
quency energy, efforts were made to remove words with
consonants considered predominantly as high frequency,
leaving 721 words.

Generating word lists with equal difficulty levels

Using this 721 low-frequency word cluster, speech iden-
tification (SI) scores were obtained from 25 adult native
speakers with normal hearing at sensation levels of +0,
+4, +8, +12, and +16 dB. The SI scores were calculat-
ed, averaged, and tabulated. Based on the average scores
at all SLs, psychometric functions were obtained for all
the words. From the psychometric function curves, the
mean level for a 50% SI score was obtained and the slope
of function was derived. Words falling within +1.5 stand-
ard deviations from the mean and the slope for the psy-
chometric functions were isolated. This resulted in a se-
lection of 691 Hindi words.

Using this word pool, final Hindi word lists were formed.
These word lists were generated such that all lists had equal
difficulty levels. Equal difficulty was verified by first ran-
domly selecting 25 words from the 691 Hindi words, and
generating psychometric function curves for those words
(as mentioned in the methods). Finally, a total of 10 lists
in Hindi were developed. Hence, these word lists can be
considered psychometrically equivalent word lists. In addi-
tion, the frequency of occurrence of low-frequency words
was similar to the published literature on Hindi [24,25].
Appendix 1 provides details of the word lists.
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Figure 3. Mean Sl scores and standard deviations of all lists across SLs. Black arrow highlights the finding that Sl scores
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Figure 4. Psychometric function curves across SLs for
low-frequency Hindi lists

Standardization of the test material

The mean and SD of SI scores obtained at 40 dB SL in 100
individuals with normal hearing for 10 lists in Hindi are
shown in Figure 2. The SI scores were averaged for all the
participants and lists were considered as repeated varia-
bles. Thus, repeated measures ANOVA was done to com-
pare differences across lists. The results showed that there
was no significant difference across lists [F(9,891)=34.93,
p>0.05] at 40 dB SL.

SI scores were also obtained from 40 participants for the
final lists across 0, +10, +20, and +30 dB SL (ref. PTA).
Figure 3 depicts mean SI scores and standard deviations
for all the lists across SLs.
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To inspect equality of lists, psychometric function curves
were obtained for SI scores across SLs in Hindi (Figure 4).
It was found that, except for one list, all the other lists fol-
lowed the same trend in difficulty across SLs. In psycho-
metric function curves of Hindj, it can be noted that 100%
scores were reached at about 30 to 40 dB SL.

The scores obtained at different SLs and number of lists was
considered as repeated variables. The mean scores obtained
for the word lists were compared across SLs for all the lists
using repeated measures ANOVA. It was noticed that there
was a significant difference between SLs [F(3,27)=302.42,
p<0.001] and even across lists [F(9,81)=4.474, p<0.001].
Interaction between lists and SLs was also found to be sig-
nificant [F(27,243)=2.483, p<0.001]. Post hoc analysis was
done using Bonferroni correction. Results revealed that
scores across SLs were significantly different from one
another, with scores increasing from 0 dB SL to 30 dB SL
(p<0.001). At 10 dB SL, there was no significant difference
between SI scores across lists, while at 20 dB SL, list 4 was
found to be significantly different from list 2 and 8. Even
at 30 dB SL, SI scores of word list 4 were significantly dif-
ferent from lists 2, 6, 8, and 10 (p<0.05).

Determining the usefulness of the test material

To determine the usefulness of the test material, the lists
were administered on 10 Hindi-speaking individuals un-
der simulated condition resembling rising cochlear hear-
ing loss. Figure 4 shows the mean and standard deviation
of SI scores between normals and simulated low-frequen-
cy cochlear hearing loss (SLCHL).

Mixed ANOVA was carried out to find if there was any
significant difference in SI scores between groups across
word lists. In mixed ANOVA, groups were considered as
between-subject factors and lists as a within-subject factor.
The main effects showed a significant difference between
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Figure 5. Mean and SD of Sl scores of normals and simulated low-frequency cochlear hearing loss (SLCHL) group in Hindi

lists [F(9,162)=2.064, p<0.05] and between normal and
simulated hearing impaired group [F(1,18)=50.076,
p<0.001]. Also, significant interaction was seen between
lists and group [F(9,162)=2.188, p<0.05]. Post hoc anal-
ysis using Bonferroni correction showed that only list 4
was significantly different from list 3 and 6.

Discussion

This study resulted in development and standardization of
auditory low-frequency word lists in Hindi. In total, 10 au-
ditory low-frequency word lists in Hindi were developed.
In the psychometric function curves of Hindi, it was ob-
served that 100% scores were reached at 30 dB SL. This
is congruent with earlier reports where maximum speech
identification scores were obtained in normal hearing in-
dividuals at 30 to 40 dB SL [26]. One of the important
considerations during development of any speech mate-
rial for testing is that alternative forms of testing should
be equivalent; that is, they should produce comparable
results [27]. The conventional way of obtaining equiva-
lency between developed word lists is phonemic or pho-
netic balancing. However, recent research in the field has
shown that the impact of phonetic or phonemic balancing
is questionable [28]. Thus, to develop word lists which pro-
duce equivalent results, a procedure which considers psy-
chometric function curves was carried out. Hence, these
developed word lists can be considered psychometrically
equivalent word lists.

These lists are not phonetically or phonemically balanced,
as all the phonemes do not appear in the lists. In the Hin-
di psychometric function curves, almost 100% scores are
reached around 30 dB SL. This is congruent with earlier

reports by Gold et al. [26]. Out of the 10 word lists, one
list (list 4) in Hindi was found to vary significantly from
the other lists. The probable reason for such a finding was
poorer SI scores of list 4 at 20 and 30 dB SL (Figure 3), sug-
gesting higher difficulty compared to other lists. Hence, it is
preferable not to use this list for clinical purposes. Instead,
the words in this list may be used as practice material.

The present study also validated the list on simulated low-
frequency cochlear hearing loss individuals. It is clear
from Figure 3 that, across lists, normal hearing individ-
uals outperform individuals with SLCHL. The word lists
were found to be difficult for individuals with simulated
rising cochlear hearing loss, thus validating the usefulness
of the developed lists. Thus, these standardized word lists
can be recommended for use on clinical population to
gauge their difficulty in understanding low-frequency in-
formation. Studies may also undertake validation of this
speech material on other clinical population.

Conclusions

The present study attempted to develop a standardized au-
ditory low-frequency word list in Hindi. It resulted in the
development of 10 Hindi word lists. The study used psy-
chometric function curves to determine equivalent lists.
The word lists were standardized and were also validated
on simulated low-frequency cochlear loss. The developed
word lists can be used clinically to assess communica-
tion ability in individuals with rising hearing loss. Simi-
larly, these word lists have the potential to assess the per-
formance after amplification provided to individuals with
rising hearing loss.
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Appendix 1. Hindi low-frequency word lists.

List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8 List 9 List 10

1 G AT Ety Ecsl Sy EEi AT Sy ERl il
2 EETS Hah Epea e g EIS o IR T TR
3 T EEs T Esul EGE] ER] Bl TR EEi
4 Eel e EEIS] il 5 S Ec EISY Ety o
5 TeT Bluc o, TR e Enic EE Bl T EICK]
6 3T ey EEC) <1 g e qm@r Elec SR Ecll
7 ardt Eu ST Eicy kel Bt Elci ECE ST Tl
8 ey e e iy Ll e Bl ks ar g
9 e =T Gl Rlieac) R Tt T @ TR I
10 Ruich Eikea B o7 RIS et b <H o BN
11 SRS Lt S <iq BlkEd S EEE] T e ofTg.
12 Siel Hee Sl Sais e SISES Euich RISl Erc) Eiil
13 S Bl HTT wfar T G &t sifer TR keI
14 o et HraT T B Sl e ey et 3T
15 Bl e Eeic] Fat EEiE] ARR BIGiE] Eeel e b
16 Eircs EEl) ECic] qrT Suc T EEad Ty kel et
17 ar Her Afafa e HaT Eiii T et THR Suict
18 afaf i At e AR aTer A e T, IR
19 Afgor T e T AT ar T Y TS

20 REE w@d kiccs qq Iee ooy Eus | e o
21 bl o Tad L i) kSl awr T @ T
22 e TER kel Esc ey T drar BIED iteil EREl
23 & T Tar ESE] T g I AT ki L&
24 k52l o BIsic) kel IR EE afuf ECS AT rar
25 s G afime Reed Bl gl 7T afefer Ris) ge
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