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Abstract: The core object of the work is to design and develop an adaptive expert system, which could perform
audiological investigations of hearing impaired subjects, to identify the hearing loss level and to recommend the
most appropriate gain values for different frequency bands of a digital hearing aid. We have tested 353 subjects in
the age group of 18 to 72; of these, 289 were males and 64 were females and a hearing aid was recommended for
159 subjects. These subjects were fitted with a digital hearing aid, with a first fit formula selected based on the
audiogram of the subject, from any one of the standard linear and non linear prescriptive procedures. The standard
procedures are formulas from the National Acoustic Laboratory (NAL), Prescription Of Gain Output (POGO),
and the Desired Sensation Level (DSL). The recommendations were verified for satisfaction among the hearing
aid users with the value of the Speech Discrimination Score (SDS); only 28 were satisfied with NAL-R, 25 were
satisfied with POGO 11, 23 were satisfied with NAL-NL2 and 12 were satisfied with DSL 1/0. The unsatisfied
subjects obtained satisfaction, by changing the gain value with the expertise of audiologists, stored in the expert
system. Based on the suggested gain values and additional data from the expert audiologists, the gain formula
could be made distinct for different language and living conditions.

Key-words: Expert system, Speech intelligibility, Hearing threshold, Real ear insertion gain, Hearing aids, Speech
discrimination score, Pure tone average

characteristics in amplification settings. The
individual characteristics are usually the hearing
threshold, Most Comfortable Level (MCL),

1 Introduction

Human hearing may deteriorate because of different

reasons [1]. Hearing impairment can be solved easily
by fixing a hearing aid, because it is a non invasive
procedure. The objective of the computer based
audiological investigations, is to perform them in an
efficient manner in arriving at the hearing sensitivity
of individuals [2]. To provide better satisfaction
among the hearing aid users, the gain
recommendations are made by the expert system. At
first, the knowledge domain consisting of the expert’s
opinion and diagnostic methods was created.
Provision is made to update the knowledge data base
as and when required, thus making the system
adaptive. The expert system effectively carries the
expert’s knowledge to the required people. In the case
of hearing aid usage, the gain prescription is a
mapping or a formula that uses an individual’s
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Uncomfortable Level (UCL), and loudness contour
data being used for the prescription of gain. Initially,
it was possible to program a hearing aid with the
purpose of normalizing the loudness over a wide
range of levels, so that the hearing aid user will
perceive the same loudness as a normal hearing
person. Another important consideration during the
prescription of gain is to maximize speech
intelligibility. After the hearing aid has been
programmed with the initial recommended gain, fine
tuning according to the requirements of the user is
usually done. It is desirable to minimize the need for
fine tuning because it requires considerable effort
from the user as well as from the audiologists.
Therefore, it is important that the prescribed gain is
as close to the optimal gain of the patient as possible.
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The digital hearing aid of modern days uses

different frequency bands in an audible range of
sound. REIG is the additional gain required with the
hearing aid usage, to get a clear perception of sound
by the hearing impaired patients. The Integrated Real
ear measurement improves the accuracy of fitting
initially, and subsequently, when the hearing aid is
fine tuned to achieve better speech intelligibility to
the patient [3, 4]. Most of the hearing aid users are
comfortable with lesser gain than what is actually
prescribed for them. Gerling states that "prescribing
the same gain for all individuals, simply because they
have the same hearing thresholds, will result in
inaccuracies of too little as well as too much gain"[5].
Over the past several years many prescriptive fitting
formulas have been developed and tested to fit
hearing aids. Prescriptive formulas have been
developed for linear instruments and also for Wide
Dynamic Range Compression (WDRC) hearing aids.
The National Acoustics Laboratory of Australia
developed the NAL-R formula for hearing aid models
with linear circuits [6]. With the development of non
linear hearing aids, a suitable prescriptive procedure
was needed to provide multiple gain curves for
different input levels. Depending on the patient’s
practical feedback and preference, the final gain
settings will vary from these initial settings. With an
increase in the number of prescriptive formulae, the
quality of service can be defined as the extent to
which a particular fitting procedure will give
satisfaction to the hearing aid users. The prescriptive
procedure NAL-R, is the extensively tested and
validated prescriptive  procedure  for  linear
amplification because of its  successful
recommendations [7-9]. Prescriptive procedures
NAL-R and POGO Il were developed in 1986 and
1988 respectively to get greater accuracy with the
linear instruments [10].

The increased use of conventional and
programmable nonlinear hearing aid circuits requires
new prescriptive  methodologies to consider
nonlinearity in hearing aids. They further assist
clinicians in their ability to fit these products easily
and accurately. Further formulae created, using these
approaches are the DSL 1/O [11], IHAFF [12, 13],
FIG6 [14-17], NAL-NL1 [18] and NAL-NL2 [19].
The advantages and limitations of the various
prescriptive fitting approaches can be obtained from
different sources [20]. Analyzing all the parameters
and standards used in the prescriptive procedures, the
present work considers an appropriate procedure for
the specific hearing impairment. The speech
discrimination score is obtained by the speech
audiometric test, after incorporating the suitable
prescriptive procedure suggestions in the digital
hearing aid. The procedure which gives the best score
will be considered an appropriate procedure for that
type of hearing loss. An expert system has a unique
structure that emulates the decision making ability of
a human expert, i.e., the audiologist. It has an
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interference engine inbuilt, designed to produce a

decision by logical reasoning, based on certain rules
given in the knowledge base. The knowledge base is
framed with a set of IF and THEN rules, formed by
experimenting with different type of hearing impaired
subjects [21].

2 Material & Methods

2.1 NAL - R formula.

Byrne and Tonnisson [6] formulated the NAL
formula, and later it was revised by Byrne and Dillion
[7] in an attempt to prescribe a frequency response
that gives a clear understanding of speech, even if the
hearing aid user adjusted the volume control level to
his/her satisfaction. It is customary to provide too
little low frequency gain, relative to the mid and high
frequency gain. To overcome this difficulty and add
more benefits and applications to the NAL procedure,
Byrne and Dillion proposed a revised version, the
NAL-R. The specific NAL-R formula for the
calculation of real-ear insertion gain (REIG) is
presented in table 1.

Table 1: NAL - R formula for Real Ear Insertion

Gain
Frequenmes Formula
in Hz
* * 1
250.500,1K,1 0.15*PTA +0.31* Hearing
threshold at a particular
5K, 2k, 3K, : -
Ak Bk frequency-+ conversion factor =
' Required REIG in dB

Pure Tone Average (PTA) is the average of the
hearing threshold measured at frequencies of 500Hz,
1 kHz and 2 kHz. The conversion factors are -17,-8,
-3,+1,+1,-1,-2,-2 for the frequencies of 250Hz,
500Hz,1kHz,1.5kHz, 2kHz, 3kHz, 4kHz, and 6kHz
respectively. The NAL formula includes 10dB
reserve gain [22].Two other modifications to the
NAL-R formula have been suggested for those with
severe sensorineural hearing impairment [9, 23].
Modification 1 is made if the PTA value exceeds 60
dB. The difference value i.e. PTA-60 is multiplied by
0.116 and added to the REIG value [20]. The second
modification arises if the value of the hearing
threshold at 2 kHz exceeds 90dB. Based on the
hearing threshold value, this modification suggests an
increase in the gain for low frequencies, and
reduction in the gain for high frequencies. This
adjustment alters the hearing aid response of a person
with severe hearing loss who requires more low
frequency energy and less high frequency energy for
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decreasing the feedback problems [24, 25]. If the

threshold measured at 2 KHz exceeds 90 dB, then the
value given in table 2 is added with the particular
frequency gain.

Table 2. NAL -R adjustment when the hearing
threshold at 2 KHz exceeds 90 dB.

HL

at?2 Frequency in kHz.

kHz

dB

HL | 25 | 5| 75| 1|15 | 2 | 3 | 4|6
% | 4 (31|01 |-2|-2]|-2]|-2
00| 6 (4|2 (0] -2 |-3|-3|-3]|-3
05| 8 |52 (0| 3 |5|-5|-5]|-5
110 {11 (7|3 (0| 3 |6 |-6|-6]|-6
115 | 13 |8 4 (0| 4 |-8|-8|-8]|-8
120 | 15 (9|4 (0| 5| 9(-9]|9]|-9

2.2. POGO Il formula for calculating Real
Ear Insertion Gain

The gain preferences of persons with hearing
impairment are highly considered in the designing of
the POGO formula [26]. POGO was derived from
Lybarger's 1/2 Gain Rule, with a correction factor
suggested for low frequencies, to enhance the speech
intelligibility. An enhanced version of this procedure
called POGO I, modifies the gain; if the hearing
threshold at a particular frequency is greater than 65
dBHL, then the gain is increased by half the amount
of that for the hearing loss that exceeds 65 dB,
explained in step 2 [14].

Step 1: To calculate REIG, the hearing threshold at
the particular frequency is divided by 2 as given in
table 3.

Step 2: If the hearing threshold at a particular
frequency is greater than 65dB, 65dB is subtracted
from the hearing threshold, then half of it is added to
the value calculated in step 1. Otherwise the gain is
calculated as explained in step 1.

A low frequency conversion factor -10 dB and -5
dB is added to the REIG value for 250Hz and 500Hz
respectively [27,28]. These two formulae have been
widely used in calculating the gain values for linear
digital hearing aids.

Table 3: POGO Il Gain Calculations

Frequency Formula

in Hz
Hearing threshold * 0.5 = REIG in
dB

250,500,1K, | i the hearing threshold is greater

1.5K,2K,3K, | than 65dB then the required REIG

4k,6k in dB = [Hearing threshold *0.5 +

0.5 * (Hearing threshold — 65)]
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2.3. Desired Sensation Level (DSL) procedure

The DSL method differs from the previous
procedures NAL-R and POGO Il in several aspects.
First, it prescribes real ear aided gain rather than real
ear insertion gain. Real ear aided gain is the SPL near
the ear drum minus the SPL at some reference point
outside the head. Real ear insertion gain is the
effective gain obtained by the signal, because of the
hearing aid usage.

2.3.1. Desired Sensation Level Input / Output
(DSL 1/O) Procedure

The DSL 1/O procedure is evolved from the DSL
procedure, first used as a prescriptive method for
children [29, 30]. The objective is to achieve the
desired sensation level of the amplified signal for
multiple level inputs. DSL [I/O] can also be used as
an effective method of achieving Loudness
Equalization. The DSL [I/O] program provides
frequency-specific output targets for multiple input
signal levels, based upon speech, not on tones. The
I/O approach divides the input dynamic range into
three regions: 1) input levels below the compression
threshold, or Imin; 2) input levels that will exceed the
compression threshold when amplified, or Imax; and
3) the levels between these two limits. If the input
signal level is equal to or less than Imin, linear gain is
applied to the signal (i.e., below the compression
threshold). If the signal level is equal to or greater
than Imax, the output is limited to Omax (output
limiting). For input signals between 'Imin and Imax,
I/0 formula applies compression to the signal. The
calculation procedure is shown in table 4.

Table 4. Desired Sensation Level Input / Output
Formula for calculating the Real Ear aided Gain

Input conditions | Output (Real Ear aided

Gain Formula)
O =0min

| < I min = (Linear
Gain)
I min < I < Imax|O= (I-Imin/Imax-Imin)*
(Linear Compression) |(O max-Omin) + Omin
I > | max (Output|O = Omax
Limiting)

2.4. FIG 6 Procedure

The Fig 6 Procedure is a loudness-based fitting
formula, designed to accommodate the types of
hearing losses described by Killion and Fikret-Pasa
[31]; indeed the name of this approach is derived
from the loudness growth concept presented in Figure
6 of that article. Killion added a loudness-based
fitting formula to the array of prescriptive fitting
procedures. In its current form, it is a spreadsheet
approach to estimating the level-dependent gain and
frequency response of nonlinear hearing aids. Since
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these aids can change their gain and frequency

response depending upon the input level, the FIG 6
procedure can be utilized to calculate the gain and
frequency response for low-level 45 dB SPL,
moderate level 65 dB SPL, and high level 95 dB SPL
sounds [32]. The formula for the FIG6 is presented in
table 5.

Table 5. Gain calculations in FIG 6 procedure

Gain for low level sounds

Low level
input (45 dB | 1. G= 0 for 0 t020 dBHL
SPL) 2. G =HL-20 for 20 to 60 dB HL
3. G = HL-20 - 0.5*(HL-60) for HL >= 60 dB.

Gain at MCL

Moderate
level input ({1 G=0 for0to20dBHL
65dB SPL) |2, G = 0 .6 *(HL-20) for 20 to 60 dB HL
3. G=0.8*HL-23 for HL>=60 dB.

Gain for high-level sounds

High level
'gg“ééff’ 1. G=0 for 0 to 40 dBHL
) |2.G=0.1*(HL-40) A 1 .4 for HL >= 40 dB.

2.5. NAL-NL2 Procedure

The NAL-NL2 is the second generation prescriptive
procedure of the National Acoustic Laboratories, for
fitting wide dynamic range compression (WDRC)
instruments. Like the NAL-NL1, NAL-NL2 aims at
making speech intelligible, and the overall loudness
comfortable. This aim is mainly driven by the belief
that these factors are the most important for hearing
aid users, but is also driven by the fact that less
information is available about how to adjust the gain
to optimize other parameters that affect prescription,
such as localization, tonal quality, detection of
environmental sounds, and naturalness [33, 34]. The
objective is achieved by combining a speech
intelligibility model and a loudness model in an
adaptive computer-controlled optimization process.
Adjustments have further been made to the
theoretical component of NAL-NL2 directed by the
empirical data collected during the past decade with
NAL-NL1. One loop uses the intelligibility model to
find the gain-frequency response that maximizes
speech intelligibility. The second loop uses the
loudness model to calculate the loudness that would
be perceived by the hearing-impaired person with the
selected gain-frequency response [35, 36]. The
adaptive process was used to derive the optimal gain-
frequency responses for 240 audiograms, covering a
wide range of severity and slopes, each at seven
speech input levels from 40 to 100 dB SPL.

2.6. Expert system architecture

The expert system is framed with the input from the
knowledge base and case specific data, as shown in

the architecture in figure 1. In the designed system,
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the knowledge base was from the expert audiologists
who are involved in the hearing aid fitting procedure.
During the course of their professional career, they
might have made many fitting trials with different
types of hearing impaired subjects.

Expert system shell
User ‘—" Explanation systen )“’ Case-pecific data
User Interface (Audiogram &
Interference REIG values)

*

4 (Computerand [+ Engine (Decision

headphone & makng pogar) = Knowledge Base
Questionnaire) (Audiologist
Knowledze Base ly| Cpmion &
editor (cotrection 1 expertise
rules based on patent knowledge with
trails) different subjects)

Fig.1. Expert system architecture

The audiograms and REIG values are stored and
used as case specific data. The audiograms were
classified with the hearing impairment types and the
REIGs corresponding to that type of hearing loss
were considered. The knowledge base editor edits the
rules subsequently, with the effective trials made with
the subjects of hearing loss, not in the original data
base. The Interference engine section consists of the
decision making program, decides the REIG values to
be suggested for the subject under trial, based on the
knowledge base rules and case specific data. The
User interface section links the subject and the expert
system effectively. Head phones connected to the
computer were used to interface the subject with the
expert system, and a questionnaire was prepared to
interact with the hearing impaired subjects to make
the decision process effective.

2.7. Testing sequence

The pure tone audiometric test and speech
audiometric test are used, to assess the performance
of the entire auditory system. In the pure tone
audiometric test, the tone frequencies ranging from
125Hz to 8000Hz are used to test the patient and the
tone has dB value ranges from -10dB to +110 dB are
generated with the help of Matlab software, so that
the accuracy of the test tone is very high. Similarly,
the test words used to test the patient in the speech
audiometric test are also recorded and stored as wave
file.
Step 1: If the user wants to perform the audiometric
test, he or she should enter his or her personal data on
the patient data screen.
Step 2: If the user wants to see or verify any relevant
data or information regarding the audiometric tests
they may select the appropriate option.
Step 3: In the audiometric test option, at first the user
has to select the pure tone audiometric test.
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Step 4: After finishing the pure tone audiometric test

the user has to perform the speech audiometric test. If
both these test results fail to predict the comparable
results, go to step 3.

Step 5: Based on these test results and data, the gain
recommendations based on standard prescriptive
procedures are made, if the subject has been
identified as an eligible patient to wear a hearing aid.
Step 6: If the recommendation does not provide
satisfaction to the hearing aid users, then the
audiologist has to make more trials with the patient,
and make necessary changes in the gain, so as to
maximize the SDS value, which in turn will enable
the successful usage of the hearing aid.

Step 7: If the patient is satisfied with these values of
gain then they are stored in the data base. This will be
used in due course for successful fine tuning of the
formula.

2.8. Audiological investigations
2.8.1. Pure tone audiometric test

Pure tone audiogram test includes air-conduction test
and bone-conduction test. The purpose of air-
conduction test is to find the hearing sensitivity at
various frequencies. Matlab program generates the
test signals with the corresponding dB ranges from -
10dB to +110 dB and different frequencies 125Hz,
250Hz, 500Hz, 1000Hz, 1500Hz, 2000Hz, 3000Hz,
4000Hz, 6000Hz and 8000Hz  for pure tone
audiometric test. Pure tone audiometric test with
masking is done only when the difference between
the air conduction threshold of bad ear with that of
bone conduction threshold of good ear is greater than
or equal to 10dB gets attenuated. The loss of sound
energy during the air conduction test, when the
stimulus is passing from test ear to the cochlea of the
non-test ear is called as Inter-aural Attenuation (1A)
and it ranges from 45 to 80dB.Cross hearing is a
serious concern in case of bone conduction test than it
is for air conduction because both the cochleae are
equally stimulated. Therefore to get a reliable test
results the non-test ear is not to be involved in the
testing procedure by delivering suitable noise signal
to it. The masking noise should be loud enough to
prevent the tone reaching and stimulating the non-test
ear, but at the same time it should not mask the signal
given to the test ear which may be called as over
masking [37].Thus, an audiologist should select
appropriate masking signal level in dB.

2.8.2. Speech audiometric test

Speech discrimination is the subject's ability to
identify the words presented to them through head
phones. In this procedure presentation of 50 selected
monosyllabic words. The speech discrimination score
(SDS) is the percentage of words correctly identified.
The pathology of the inner ear, the auditory nerve,
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and the central auditory pathways are the reasons that

affect this score. The ability of an individual to
discriminate speech cannot be predicted by the pure-
tone audiogram test. An individual may hear a sound
well enough, but the neural signals may be altered to
the extent, that the sound is unintelligible. Subjects
suffering only from conductive hearing loss will be
able to identify words, if the sound is loud enough.
Subjects with sensorineural hearing loss have a
marked dip in the SDS value, without a proportionate
loss of pure-tone or speech sensitivity. It is to be
noted, that there is a predictable relationship between
the patient’s PTA and SDS.

2.9. Gain Recommendations

The pure tone thresholds of various frequencies are
used for the calculation of real ear insertion gain.
Initially it is based on the standard formulae stored in
the expert system. If the subject does not get
satisfaction with the recommendations, the
audiologist has to change the gain settings with his
experience, till the patient is satisfied by maximizing
the SDS value. After the patient’s satisfaction the
gain settings are saved in the data base. This data will
be very useful in developing a standard formula for
different language and living conditions.

3 Results and Discussion

In four different specialty hospitals, 353 subjects
were tested for the prediction of hearing loss, using
the computerized audiometer inbuilt in the adaptive
expert system, and also with the conventional
audiometer model 2001 Digital clinical diagnostic
audiometer from Arphi Electronics, under the same
testing conditions. The audiograms taken by both
modalities are compared for validation. As a proof of
validation, audiograms of a subject with mild hearing
loss taken with both modalities are shown in fig 2.
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Fig. 2. Comparison of the audiograms ot a subject
with mild hearing loss
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The results of the computerized audiometer inbuilt in

the adaptive expert system are marked in thick green
color, whereas the conventional audiometer readings
are marked in thin red color. The pure tone average
arrived at, using computerized audiometer is 23.33,
whereas it is 21.66 when the same subject is tested
with the conventional audiometer. The interpretation
of the computerized audiometer results is same as
that of the conventional audiometer results, except for
a marginal difference in the value of PTA.

3.1. Calculation of REIG

The subjects are also tested with the speech
audiometric test using the computerized audiometer,
and the SDS is calculated. The minimum threshold of
hearing, obtained with the pure tone audiogram test is
used to find the REIG required for the digital hearing
aid.

Audiometric thresholds of above the mentioned
individual, are given below.

Frequency: .25k .5k 1k 1.5k 2k 3k 4k 6k
Threshold: 50 45 65 65 70 60 50 45
Step 1: 0.15*PTA=0.15* (45+65+70)/3=9

The REIG calculated, using the NAL-R formula is
given in table 6.

Table 6. NAL — R real ear insertion gain calculations

S. Rajkumar, S. Muttan, Balaji Pillai,
\{. Jaya, S. S. Vignesh o
37.5dB. Step 1 is followed for the remaining

frequencies.

Table 7. POGO -l real ear insertion gain calculations

Frequency | Formula | Conversion | REIG
in Hz factor
250 250+0 -10 15.0
500 225+0 -5 17.0
1000 325+0 0 325
1500 325+0 0 32.5
2000 35.0+25 0 37.5
3000 300+0 0 30.0
4000 25.0+0 0 25.0
6000 225+0 0 22.5

The patient is not satisfied with the
recommendations of REIG for various frequencies
using POGO Il formula and NAL-R formula, and
hence, the expert audiologist makes some corrections
in the gain settings for arriving at the satisfaction of
the subject concerned, and the gain recommendations
of the standard formulae, and expert audiologist’s
recommendations are given in table 8 for comparison.
The recommendations of REIG for various frequency
ranges, using the POGO Il and NAL-R formulae for
the same test results of a patient, and also the final
suggestions by the audiologist, are plotted as shown
in fig 3.

Freque Formula Conv | REIG
ncy in ersion Table 8. Comparison of the gain suggestions of the
Hz factor standard formulae and the expert audiologist
250 9 + 0.31(50) =24.25 -17 | 7.25
500 9 + 0.31(45) =22.95 8 1495 Fre_quencies NAL-R | POGO I Sugge_sted
1000 | 9 + 0.31(65) =29.15 | -3 | 26.15 in Hz Gain Gain Gain
1500 | 9 + 0.31(65) =29.15 | +1 | 30.15 250 7.25 15.0 12.5
2000 | 9 + 0.31(70) =30.70 | +1 | 31.70 500 14.95 17.0 18.0
3000 | 9 + 0.31(60) =27.60 -1 | 26.60 1000 26.15 32.5 28.5
4000 | 9 + 0.31(50) =24.50 -2 | 22.50 1500 30.15 325 33.5
6000 | 9 + 0.31(45) =22.95 -2 [20.95 2000 31.70 37.5 34.0
3000 26.60 30.0 28.5
The same patient’s hearing aid can be 4000 2250 250 26.0
programmed with the help of the gain 6000 20.95 225 245
recommendations, calculated using the POGO Il
formula. The prescription of the real ear insertion 0
gain using the POGO Il formula is calculated as . AN

given in the steps below, and is shown in table 7.

Step 1: For calculating the required REIG, the
hearing threshold is divided by 2. In this case except
2 kHz all the frequencies have less than 65dB; so the
correction factor is required only for 2 kHz. But a low
frequency factor of -10dB is added with the 250Hz
hearing threshold/2, and -5dB is added with the
500Hz hearing threshold/2 to get REIG.

Step 2: For 2 kHz, the REIG calculation is varied,
because the minimum threshold of hearing exceeds
65dB. In this case, it is 70dB. It is divided by 2, i.e.,
35dB and the difference between 65dB from 70dB is
divided by 2, and it is 2.5dB, which is added to the
35dB, and the final suggested REIG for 2 kHz is

E-ISSN: 2224-2902
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Fig. 3. Comparison of NAL-R, POGO-II and the
suggested recommendations of REIG
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A similar type of gain calculations and gain

suggestions for a subject with mild hearing loss is
made by the careful alignment of the gain by the
expert audiologist, to give a clear speech perception,
as given in table 9 and the value is plotted in Fig 4.

Table 9. Gain suggestions for a subject with mild

hearing loss
Frequency | NAL-R | POGO Il | Suggested

in Hz Gain Gain Gain

250 -5.0 2.5 1.0
500 4.0 7.5 5.0
1000 13.6 15.0 14.0
1500 12.0 12.5 15.0
2000 13.6 15.0 10.0
3000 12.0 12.5 14.0
4000 12.0 12.5 12.0
6000 12.0 12.5 12.0

The gain calculations for all the 159 subjects were
analyzed. In almost all the cases, the variation
required for the high frequency ranges as against the
gain suggested by the system is very less. In the low
frequency region a mild variation is required. In the
mid frequency region, where the majority of the
speech frequencies are available, much variation in
the suggested gain is required in this region. Two
different types of hearing aid fitting procedures
(NAL-R formula and POGO Il formula) have been
compared. The main outcomes were the improvement
of speech intelligibility scores in quiet and noisy
conditions. Data were related to the real ear insertion
responses that were measured after fitting. For
analytic purposes, subgroups were composed
according to the degree of hearing loss, characterized
by unaided speech intelligibility in quiet, previous
experience with hearing aids, unilateral or bilateral
fittings, and the type of hearing aid.

20

iZ f;@%=-
]

Gain (dB)

1000 2000 3000 4000 5000 6000 7000

-10

Frequency (Hz)

—4—NAL-R Gain —#—POGOII Gain =—#—Suggested Gain

Fig. 4. Gain recommendation comparison for a
subject with mild hearing loss
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In the subsequent evaluation period, non linear
prescriptive procedures like the DSL 1/0, IHAFF,
FIG6, NAL-NL1 and NAL-NL2, were also used for
gain suggestions. Differences between the responses
prescribed by different prescriptive procedures were
verified for subjects with different types of hearing
loss. The gain prescriptions by NAL-NL1, DSL 1/O,
IHAFF and FIG 6 procedures for a subject with 40dB
flat hearing loss for an input level of 50 dB SPL are
shown in figure 5.

35

20 \‘7&:\}?4
o f

e

0

Insertion Gain (dB)
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Figure 5. Insertion gain at the input level of 50 dB
SPL for each of the four selection procedures for a
subject with flat 40dB hearing loss

The IHAFF and DSL 1/O procedures prescribe
more or less the same gain for all the frequencies for
this subject, who has a flat hearing loss. The FIG 6
procedure prescribes a constant level of gain for all
frequencies at different input levels. NAL — NL 1
prescribes less gain for low frequency signals
compared to all other procedures. For mid frequency
and high frequency regions, the gain preferred is
more than that prescribed by the other procedures.
The NAL-NL1 procedure normally will not suggest
high gain for the frequencies with high loss, because
of the decreased ability of the ear to extract
information at those frequencies. For a low input
level, NAL-NL1 may not prescribe much gain to get
audibility, at the frequencies where the loss is high, or
the frequencies at which speech is least important for
intelligibility. The DSL /O prescribes a more
appropriate gain-frequency response for mild level
inputs than the NAL formula. We found equal
improvement of speech intelligibility in quiet, while,
fitting according to the NAL-R formula resulted in a
somewhat better performance, as expressed by the
speech-to-noise ratio, in comparison to the POGO Il
formula in the case of linear hearing aids. In the 159
subjects tested and found to be suitable to use hearing
aids 28 received satisfaction with NAL-R, 25 with
POGO I, 23 with NAL-NL2 and 12 with DSL /0.
The remaining people received satisfaction only after
adjusting the gain settings by experienced
audiologists. These successful gain settings were
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stored in the data base, for formulating a revised

formula to give complete satisfaction among the
hearing aid users, irrespective of their age, sex and
living environment. The system will give an adaptive
solution for all these kind of variations, because it is
developed with the feedback received from the
patients.

4 Conclusion

An Adaptive Expert System was designed and
developed, to perform audiological investigations like
the pure tone and speech audiometric test. All the
subjects considered for study were tested with both
the conventional 2001 digital diagnostic audiometer,
and also with the computerized audiometer inbuilt in
the expert system. The accuracy of the computerized
audiometer was found to be 94.87%. It also
recommends more accurate REIG values, so that the
hearing impaired person gets satisfied with the
performance of the hearing aid. The expert system
has sound knowledge base rules formed using the
experienced hearing aid fitting trials of the
audiologists, with different types of hearing impaired
subjects. If any corrections are made by the
experienced audiologists in the suggested gain values
by the expert system, they are stored. They will be
used to strengthen the knowledge base, and used for
fine tuning the REIG formula. This would not only
reduce the number of fitting trials but also lead to the
recommendation of superior technical specifications,
with regard to the design of hearing aid. The
procedures based on speech intelligibility play an
important role in getting satisfaction to the hearing
aid users like NAL-NL1 and NAL-NL2. This
additional specialized attention certainly would bring
better satisfaction among the hearing aid users. The
different types of hearing loss suffered by the
subjects, and the satisfied gain values for a particular
subject, have to be analyzed for further fine tuning of
the formula used for the calculation of REIG. The
formula can be made distinctive to any language and
different living conditions.

References:

[1] Malcovati. P, Design of integrated circuits for
audiometric applications, The IEEE International
symposium on circuits and systems, 2001.

[2] Gelfand. A.S, Essential of audiology, Thieme,
New York, 1997.

[3] Yanz, J.L. and Galster, J, Integrating real-ear
measurements into hearing aid fittings. Advance
for Audiologists, May-June, 38-44, 2008.

[4] Yanz, J.L., Pisa, J.F.D., and Olson, L, Integrated
REM: Real-ear measurement from a hearing aid.
Hearing Review, 14(5), 44-51, 2007.

E-ISSN: 2224-2902

S. Rajkumar, S. Muttan, Balaji Pillai,
V. Jaya, S. S. Vignesh

[5] Gerling, Evaluation of Prescriptive Fitting,
Journal of the American Academy of Audiology.
3(5). pp. 331-337, 1992.

[6] Byrne D, Tonisson W, Selecting the gain of
hearing aids for persons with sensorineural
hearing impairments. Scand Audiol 5:51-59,
1976.

[71 Byrne D, Dillon H , The National Acoustic
Laboratories’ (NAL) new procedure for selecting
the gain and frequency response of a hearing aid.
Ear Hear 7:257-265, 1986.

[8] Byrne D, Cotton S, Evaluation of the National
Acoustic Laboratories’ new hearing aid selection
procedure. J Speech Hear Res 31:178-186, 1988.

[9] Byrne D, Parkinson A, Newall PH, Hearing aid
gain and frequency response requirements for the
severely/profoundly hearing impaired. Ear Hear
11:40-49, 1990.

[10] McCandless G, Hearing aid formulae and their
application. In: Sandlin R, editor. Hearing aid
handbook: volume | theoretical and technical
considerations. San Diego, CA: College-Hill
Press; 1994,

[11]Cornelisse LE, Seewald RC, Jamieson DG. The
input output formula: a theoretical approach to
the fitting of personal amplification devices. J
Acoust Soc Am, 97:1854-64, 1995.

[12]Cox R. Using loudness data for hearing aid
selection: the IHAFF approach. Hear J, 48:2, 10,
39-44, 1995.

[L3]IHAFF. A comprehensive hearing aid fitting
protocol, distributed at Jackson  Hole
Rendezvous; Jackson, WY, 1994,

[14]Killion M. Talking hair cells: what they say about
hearing aids. In: Berlin Cl. Editor. Hair cells &
hearing aids, San Diego, CA: Singular
Publishing; 1995.

[15]Killion M. FIG6, Jackson Hole Rendezvous;
Jackson, WY, 1994,

[16] Kirkwood, D, Survey: Dispensers fitted more
hearing aids in 2005 at higher prices. The
Hearing Journal, 59(4), 48, 2006.

[17]1Smeds K,Keidser G, Zakis J, Dillon H, Leijon A,
Grant F, Convery and E, Brew C . Preferred
overall loudness. IlI: Listening through hearing
aids in field and laboratory tests. International
Journal of Audiology, 1(1), 12-25, 2006.

[18] Dillon H (1999). NAL-NL1: A new prescriptive
fitting procedure for non-linear hearing aids.
Hearing Journal, 52(4):10-16.

[19]1Dillon H, Keidser G, Ching T, Flax M and
Brewer S. Development of the NAL-NL2. XIX
Australian  Audiological  Society  National
Conference, Sydney, May 2010.

[20]Hawkins.D, Prescriptive approaches to selection
of gain and frequency response, Singular
Publishing, San Diego, CA, 1992.

[21] Cornelius T Leondes (2002), Expert systems: the
technology of knowledge management and

Volume 11, 2014



WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE
decision making for the 21st century. pp. 1-22

ISBN 978-0-12-443880-4

[22]Mueller HG. Individualizing the ordering of
custom hearing aids, In: Mueller HG, Hawkins
DB, Northern JL, editors. Probe-microphone
measurements: hearing aid selection and
assessment, San  Diego, CA: Singular
Publications; 1992.

[23]1Byrne D, Parkinson A, Newell P. Modified
hearing aid  selection  procedures  for
severe/profound hearing losses . In: Stude-baker
G, Bess F, Beck L, editors. The Vanderbilt
hearing aid report Il. Parton, MD: York Press pp
295-300, 1991.

[24]Cox. R, Goff. C.M, Martin. S.E and McLoud.
L.L, The contour test: normative data, Presented
at American Academy of Audiology Convention,
Richmond, VA,1994.

[25]Dillon H, Prescribing Hearing Aid Performance.
In Hearing Aids. Sydney: Boomerang Press,
2001.

[26] McCandless. G and Lyregaard. P Prescription of
gain and output for hearing aids, Hear Instr, pp.
34:16-21, 1983.

[27]Martin. F.N, Introduction to audiology, 3rd ed.
Englewood Cliffs, NJ: Prentice-Hall, PP 1-134,
1994,

[28]Schwartz. D, Lyregaard. P and Lundh. P,
“Hearing aid selection for severe-to-profound
hearing loss,” Hear J, pp.41:13-7, 1988.

[29]1Seewald RC, Ross M, Spiro MK. Selecting
amplifications characteristics for young hearing-
impaired children, Ear Hear 1985; 6 :48-51.

[30]Seewald RC, Ramji KV, Sinclair ST, Moodie
KS, Jamieson DG. User's manual: computer
assisted implementation of the desired sensation
level method for electroacoustic selection and
firring in children. Version 3 .1, London:
University of Western Ontario; 1993.

[31]Killion M, Fikret-Pasa S. The three types of
sensorineural hearing loss: loudness and
intelligibility consideration. Hear J 1993; 46:31-
6.

[32]Hawkins D. Corrections and transformations
relevant to hearing aid selection. In: Mueller HG,
Hawkins, DB, Northern JL, editors. Probe tube
microphone measurements: hearing aid selection
and assessment. San Diego, CA: Singular
Publishing; 1992.

[33]1Dillon H, Keidser G, Ching T, Flax M and
Brewer S. Development of the NAL-NL2. XIX
Australian  Audiological Society  National
Conference, Sydney, May 2010.

[34]Keidser G and Dillon H (2007). What's new in
prescriptive fittings Down Under? In Seewald R
(Ed.), Hearing Care for Adults 2006. pp.133-142.

[35] Moore, B.C.J., Glasberg, B.R. 1997. A model of
loudness perception applied to cochlear hearing
loss. Aud Neurosci 3, 289-311.

E-ISSN: 2224-2902

S. Rajkumar, S. Muttan, Balaji Pillai,
V. Jaya, S. S. Vignesh
[36] Moore, B.C.J., Glasberg, B.R. 2004. A revised

model of loudness perception applied to cochlear
hearing loss. Hear Res 188,70-88.

[37]Stach.A, Clinical audiology, Singular publication
group, 1998.

Volume 11, 2014





