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O ver the past 50 to 60 years, and espe-
cially the last 25 years, there has been
substantial research into the amplifi-

cation needs of people with hearing impair-
ments. This has led to the development of
numerous hearing aid prescription procedures,
including several that are supported, in varying
degrees, by research (reviewed in Byrne, 1983,
1993; Skinner, 1988). The few well-established

procedures provide prescriptions only for lin-
ear amplification. This has become a serious
limitation because most current hearing aids
feature some form or forms of nonlinear ampli-
fication. Furthermore, although there is room for
much debate about the specific benefits of dif-
ferent types of nonlinear amplification, it is
widely accepted that compression amplification
can be beneficial, at least in maintaining speech
intelligibility and comfortable listening over a
range of input conditions (Dillon, 1996). The
use of compression only to provide low-distortion
output limiting has minimal implications for
hearing aid prescription. However, other forms
of nonlinear amplification that are broadly des-
ignated wide dynamic range compression
(WDRC) are now in common use. This has
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created an urgent need for procedures to pre-
scribe compression characteristics and hence to
specify how the gain-frequency response should
vary with input level.

So far, two main approaches have been used
for devising nonlinear amplification prescrip-
tion procedures. First, as manufacturers of
advanced hearing aids have been obliged to pro-
vide a fitting system, some manufacturers have
developed their own prescription formulae, often
in a form influenced by the features of a partic-
ular hearing aid. Some such methods are based
on substantial research (Lunner et al, 1997a, b,
c; Arlinger et al, 1998). Other methods may not
be research based, or any such basis may not be
published and available for scientific scrutiny.
If all manufacturers adopted this approach, the
likely result would be a proliferation of pre-
scription methods of which some may be scien-
tifically defensible but others may not. Among
other possible problems, the person who is
responsible for fitting a client may not be in
control of the fitting process and may not even
know what amplification is being provided. Fur-
thermore, there is a dilemma if the audiologist
believes that one manufacturer’s device is most
suitable but that the accompanying fitting pro-
cedure is not.

A second approach has been to develop a
more generic prescription procedure, that is,
one that is applicable to all types of aids or at
least to a range of aids of broadly the same type.
Over recent years, several such procedures have
been developed and are completely “new” in the
sense of having rationales that have little, if
anything, in common with those of existing lin-
ear prescription procedures. The majority of the
new procedures, such as loudness growth in 
¹⁄₂-octave bands (LGOB) (Allen et al, 1990), Inde-
pendent Hearing Aid Fitting Forum (IHAFF)
(Cox, 1995), Ricketts and Bentler (RAB) (Rick-
etts, 1996) ScalAdapt (Kiessling et al, 1996),
and FIG6 (Killion and Fikret-Pasa, 1993), have
a loudness normalization rationale. There are
two aspects to normalization, as it is applied in
the new procedures. First, the overall loudness
of sounds is normalized. Thus, sounds that would
be soft or loud for a normally hearing person will
be amplified to be soft or loud, respectively, to a
person with a hearing impairment. Second, the
relative loudness of different frequency compo-
nents of complex sounds will be preserved. Thus,
for example, the softer frequency components of
speech will continue to be softer than other fre-
quencies after amplification. Although the idea
of loudness normalization is appealing intu-

itively, it has been argued that it may not be opti-
mal (Byrne, 1996). Briefly, the argument is that
normalization will not optimize the audibility
and intelligibility of speech. For people with
mild or moderate hearing loss, the evidence val-
idating linear procedures supports a loudness
equalization, rather than normalization, fitting
rationale. By equalization, we mean that all
frequency bands of speech will be amplified to
contribute equally to the loudness of the speech.

Not all new procedures are based on loud-
ness normalization. Moore et al (1998) have
questioned whether normalization is an appro-
priate goal and have proposed a fitting procedure
with the rationale of “giving good audibility for
speech over a wide range of sound input levels
while maintaining listening comfort” (p.178).
The procedure is based on loudness and quality
judgments of speech presented through a hear-
ing aid. The gain in each band of a multiband
hearing aid is adjusted so that speech of 85 dB
SPL is judged to be “loud” and speech of 60 dB
SPL is judged to be “quiet” and that speech at
both levels is neither “tinny” nor “boomy.” In the
present classification, the status of the desired
sensation level [input/output] (DSL[i/o]) proce-
dure is ambiguous in that the formula origi-
nally presented (Cornelisse et al, 1995)
normalized loudness, whereas it has been more
recently described as a loudness equalization pro-
cedure but one that can be modified to provide
normalization (Seewald et al, 1996).

Many aspects of any nonlinear procedures
must be new because there is no significant
research to indicate optimal strategies for ampli-
fying low- or high-level inputs. However, the
research supporting linear procedures does indi-
cate appropriate strategies for an average speech
input level. Therefore, a well-validated linear
procedure can provide a good estimate of what
should be prescribed by a nonlinear procedure
for an average speech input level. This suggests
a third possible approach for developing a non-
linear prescription procedure, namely, extend-
ing an established, validated procedure, rather
than developing a completely new one. The
advantage of doing this is that, provided that the
original and extended procedures agree for an
average input, the extended procedure can be
considered to be validated with respect to the
average level prescriptions. This is a substan-
tial, and probably the single most important, part
of the prescription as average speech levels are
the most common input levels. Indeed, people
tend to adopt strategies to receive average level
inputs whenever possible (e.g., by adjusting the
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TV volume or moving closer to or away from a
soft or loud talker). Thus, a validated linear
procedure can provide part of a nonlinear pro-
cedure or can be used to check the validity of an
important part of a nonlinear procedure. There
remains the question of deriving prescriptions
for inputs that are significantly higher or lower
than average. For the present, such prescriptions
must be based mainly on logic as there is very
limited evidence on which compression thresh-
olds (CTs) and ratios (CRs) are best.

This article concerns a nonlinear procedure
that may be viewed as an extension of the
National Acoustic Laboratories’-Revised 
(NAL-R) linear procedure (Byrne and Dillon,
1986), later modified for severe hearing losses
to become NAL-Revised, Profound (Byrne et
al, 1991). We present an overview of the features
of the new nonlinear fitting procedure, desig-
nated NAL-NL1, describe and discuss some
implications of the resulting prescriptions, and
compare the prescriptions with ones derived
from some other procedures. We conclude by dis-
cussing some validation issues that are critical
for all procedures. The NAL-R procedure was
considered to be a suitable basis for extending
because it was derived from research (Byrne,
1986a, b; Byrne and Murray, 1986), was sub-
sequently validated (Byrne and Cotton, 1988),
and appears to be widely accepted and used
(Martin et al, 1998). Similarly, the modifica-
tions leading to NAL-RP were based on research
(Byrne et al, 1990), and the prescriptions for
severe hearing losses have been supported by
research (Snik et al, 1995; Ching et al, 1996).
Furthermore, the main principles that are com-
mon to NAL-R and some other linear proce-
dures, such as the half-gain rule and loudness
equalization, are well supported by research
(reviewed in Skinner, 1988; Byrne, 1993).

NAL HEARING AID PRESCRIPTION
PROCEDURES

Principles of NAL Linear Procedures
(NAL, NAL-R, NAL-RP)

It is pertinent to review the principles of
NAL linear procedures because they also provide
much of the theoretical basis for the new, non-
linear procedure. In the original NAL proce-
dure (Byrne and Tonisson, 1976), the gain
prescription was based on data (Byrne and
Fifield, 1974) that verified the “half-gain rule”
proposed by Lybarger (1944). Specifically, gain
was increased at 0.46 times the rate that hear-

ing threshold level increased. The prescription
of frequency response was based on the concept
of maximizing the amount of audible signal and
thereby maximizing the potential for under-
standing speech, as predicted from the Articu-
lation Index (AI) (ANSI, 1969). It was reasoned
that, when a hearing aid’s volume was set at the
preferred level, audibility would be maximized
if all frequency bands of speech contributed
equally to loudness. This loudness equalization
concept may be best understood by considering
the reverse situation. If loudness is determined
predominantly by the levels in just one or a few
frequency bands, and the hearing aid’s volume
is adjusted to maintain comfortable listening,
then the levels in some other frequency bands
are likely to be soft or even inaudible. Thus,
equalizing loudness across frequency bands
should, for any selected loudness level, approx-
imately maximize the amount of audible signal
averaged over a wide frequency range.

Research that evaluated the original NAL
procedure (Byrne, 1986a, b) supported the loud-
ness equalization principle but showed that the
original formula did not achieve this aim. The
formula was, therefore, revised on the basis of
the evaluation data and that of a follow-up
study (Byrne and Murray, 1986) to provide the
NAL-R procedure (Byrne and Dillon, 1986).
(The NAL-R designation was used first by
Humes [1986] and came into general use.) Thus,
NAL-R was a revised formula designed to
achieve the aim of the original procedure,
namely, loudness equalization. It also used the
half-gain rule for prescribing average gain, but
frequency response was varied according to a
“third-slope” rule in place of the original “half-
slope” rule (i.e., variations in audiogram slope
are compensated for by about one-third as much
variation in frequency response slope).

From the outset (Byrne and Tonisson, 1976),
it was appreciated that a half-gain rule and the
loudness equalization principle might not be
optimal for severe hearing losses. A half-gain rule
might not provide adequate audibility, and the
equalization principle is logical only if it is
assumed that useful hearing is available over a
wide frequency range and that a given amount
of audibility has a similar value at all frequen-
cies. A study by Byrne et al (1990) confirmed that
the NAL-R procedure needed to be modified for
severe hearing losses. When hearing level
exceeded about 60 dB, the gain rule needed to
be changed to a “two-thirds” rule, and when
hearing loss was profound at the high frequen-
cies, the frequency response needed to have
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more low-frequency emphasis than that pre-
scribed by NAL-R. From these data, the proce-
dure was further modified and is now designated
NAL-RP. The aim of this procedure, like its pre-
decessors, was to maximize speech intelligibil-
ity. For most hearing losses, that aim will be
achieved with a frequency response that fol-
lows, approximately, the equalization principle.
However, when hearing loss is profound at the
high frequencies, maximal speech intelligibility
will be obtained by amplifying those frequencies
to contribute less to audibility and loudness
than the other frequencies.

Principles of NAL Nonlinear Procedure
(NAL-NL1)

The NAL nonlinear prescription procedure,
NAL-NL1, has a similar rationale to previous
procedures in that it aims to maximize speech
intelligibility for a specified loudness level. How-
ever, if all speech inputs were amplified to the
same loudness level, say the preferred listening
level or the level that maximized intelligibility,
it is highly probable that the speech quality
would be unacceptable. That is, it seems assured
that some variation in loudness levels is needed
to preserve a natural speech quality. In the
absence of any data to indicate what loudness
variation is desirable, we have adopted the prin-
ciple of amplifying speech to normal loudness or
to a lower level if it provides greater speech
intelligibility. Thus, loudness normalization is
applied to overall speech levels except that high
speech inputs will often be amplified to less
than normal loudness because this should result
in greater speech intelligibility. The NAL-NL1
procedure does not aim to normalize the relative
levels of the different frequency components of
speech, and it will be shown later that it does not
do so. Unlike the NAL-R procedure, NAL-NL1
is not designed to equalize loudness across fre-
quency, but it does tend to do so as a conse-
quence of optimizing the predicted speech
intelligibility for a specified loudness.

Derivation of NAL-NL1 Procedure

General Description

The NAL-NL1 procedure was derived by
calculations that combined a loudness model
(Moore and Glasberg, 1997) with a modified
form of the Speech Intelligibility Index (SII)
(ANSI, 1993). The SII includes a level distortion
correction whereby the SII is proportionately

reduced as the speech level exceeds 73 dB SPL.
However, this correction for listening at high lev-
els, as hearing aid users must do, has been
shown to be insufficient to account for the speech
recognition difficulties of hearing-impaired peo-
ple (Ching et al, 1998; Hogan and Turner, 1998).
Therefore, we modified the SII by an effective
audibility correction calculated from the data of
Ching et al (1998). This correction encompasses
the reduction in speech intelligibility arising
from listening at high levels plus a further reduc-
tion associated with increasing degrees of hear-
ing loss. This latter factor has been designated
hearing loss desensitization (Studebaker and
Sherbecoe, 1992) and possibly may be related to
such factors as reduced temporal or frequency
resolution. The effect of the effective audibility
correction is that, for a given amount of speech
audibility, the SII contribution is reduced as
hearing level becomes greater. The correction is
larger for the high than for the low frequencies
and is larger for high sensation levels than for
low sensation levels. The main implication for
hearing aid fitting is that the frequency response
required to optimize the SII for sloping audio-
grams will have less high-frequency emphasis
than it would if the standard level distortion cor-
rection were the only correction used. The esti-
mated optimal frequency response will have
considerably less high-frequency emphasis than
it would if calculated from one of the simplified
AI procedures that include neither a hearing loss
desensitization nor level distortion correction.
The complex procedure of deriving our effective
audibility correction will be described in a sep-
arate article (Ching et al), together with a gen-
eral discussion of the relationship of audibility
to speech intelligibility.

The derivation procedure involved calcu-
lating prescriptions for several input levels for
52 audiograms that represented all of the com-
mon variations in severity and configuration of
hearing loss. For each input level, a program cal-
culated the normal loudness level of speech for
the international long-term average speech spec-
trum (Byrne et al, 1994). Then, for each
input/audiogram combination, the program
manipulated the gains in each ¹⁄₃-octave band
until the SII was maximized and the loudness
was constrained to be normal or to a lower loud-
ness level if that achieved a higher SII. The
procedure was very complex and involved var-
ious constraints, such as disregarding any fre-
quency that could not make more than a
minuscule contribution to the SII. (To do other-
wise resulted in unrealistic prescriptions such
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as recommending extremely high gain at 6000
or 8000 Hz.)

Example of Derivation Procedure

The calculations produced three types of
output for each audiogram and input level. This
is illustrated in Figure 1, which shows the data
for the 65 dB SPL input for one audiogram. The
top panel shows the insertion gain/frequency
response curve that is optimal in the sense that
the SII has been maximized while loudness has
been constrained to be normal or less. Such
curves may be regarded as the primary output
from our computations in that they comprise the
data used for calculating the NAL-NL1 insertion
gain prescription formula. The audiogram and
the NAL-RP prescription are also shown. A mid-
dle panel shows the specific loudness in each fre-
quency band obtained with the optimized
frequency response and the overall loudness
adjusted to 23.43 sones, which is the calculated
normal loudness for speech with a root mean
square (rms) level of 65 dB SPL. Also shown is
the specific loudness pattern of normal loud-
ness for each frequency band of speech. The bot-
tom panel shows three graphs in which the data
are expressed as the contributions of each fre-
quency band to the SII. The highest of the three
graphs shows simple audibility, which is the
difference between the speech peak levels and
hearing threshold level. (In this context, “peak”
refers to the maximum short-term rms levels,
which are assumed to be 15 dB above the long-
term rms levels.) A value of 1.0 would indicate
that audibility in that band is sufficient to make
a maximal contribution to intelligibility. Per-
fect speech intelligibility would be predicted if
the value were 1 across all frequencies. A second
graph shows effective audibility. The audibility
contributions have been reduced to account for
listening to amplified speech at a level exceed-
ing 73 dB SPL and to account for the reduced
capacity to use audible information that results
from a hearing loss. Except for frequencies below
500 Hz, effective audibility is less than simple
audibility. The third graph shows effective audi-
bility times the importance function for average
speech. These values have been multiplied by 10
to fit conveniently on the same figure. The val-
ues shown are for critical bandwidths, and the
SII is the sum of the values for all critical bands,
divided by 10. A hearing aid prescription was
derived by combining the primary graphs for sev-
eral input levels. The second and third types of
graphs proved to be very useful for under-

standing the implications of the calculation pro-
cedure and for detecting anomalies that required
correction.

The graphs shown in Figure 1 illustrate
some interesting characteristics of the NAL-
NL1 procedure. The graph in the middle panel
is typical of such graphs for all of our audiograms
in that it shows a range where the specific loud-
ness is approximately equal across frequencies.
This range is centered around 1000 Hz and
becomes wider as input level increases. It bears
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Figure 1 Example of the outputs obtained for one
audiogram and one input level during the derivation
of the NAL-NL1 procedure. The top panel shows the
audiogram (HTL), the optimized gain/frequency
response for a 65 dB SPL speech input (OPT.65), and
the gain/frequency response prescribed by the NAL-RP
procedure. The center panel shows the specific loudness
pattern, for a person with this audiogram, of speech
amplified by the optimized gain/frequency response.
Also shown is the specific loudness pattern of unam-
plified speech for a person with normal hearing. The
bottom panel shows the audibility of speech, for the
above audiogram and the optimized amplification,
expressed as the contribution of each frequency band
(in quarter equivalent rectangular bands) to the Speech
Intelligibility Index. The graphs show (a) simple audi-
bility, depending only on sensation level (40 dB SL =
1); (b) effective audibility (audibility reduced to allow
for level distortion and hearing loss desensitization);
and (c) effective audibility times the importance func-
tion for average speech, scaled by 10.
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repeating that the calculations were not designed
to equalize specific loudness, but rather this is
the result of optimizing the SII while con-
straining the overall loudness to a particular
level. Thus, this result confirms the loudness
equalization rationale that has been the basis
of the linear NAL procedures, apart from the
modifications for severe hearing losses. The
NAL-NL1 calculations do not support the idea
of normalizing loudness across frequencies. That
would require a different specific loudness pat-
tern, as is also shown on the figure. The bottom
panel shows simple audibility, effective audi-
bility, and effective audibility times the impor-
tance function, at each frequency. The highest
and lowest frequencies make little, if any, con-
tribution to the SII. It can be seen (middle panel)
that those extreme frequencies are also making
little contribution to loudness. In our final cal-
culations, we excluded frequencies that were
making less than a 0.0015 (shown as 0.015 on
the figure) contribution to the SII. The practi-
cal implication of these data is that the gain at
the extreme frequencies could be increased or
decreased substantially without making any
difference to either loudness or speech intelli-
gibility. In this example, we would disregard
the gain prescription for frequencies above 4000
Hz. Needless to say, this figure presents just
one example. The range of frequencies that con-
tribute to the SII will vary for other audiograms
and other input levels.

NAL-NL1 Insertion Gain Prescription
Formula

The procedure described above is far too
laborious to be practical for clinical use. There-
fore, we took the resulting prescriptions and
applied a curve fitting process to derive a usable
prescription formula. That formula, which will
not be made public, is too complex to be used
manually. It has been implemented in a com-
puter program and will be made available to
manufacturers who wish to use it in their fitting
or measurement software. The factors encom-
passed by the formula, for calculating insertion
gain at each frequency, are hearing level and
air–bone gap at that frequency, three-frequency
average hearing level, and the overall speech
input level. It may be noted from Figure 1 (top
panel) that the NAL-NL1 prescription (before
simplification and final adjustments) for an
average speech level (65–70 dB) agrees closely
with the NAL-RP prescription that is also shown
on the figure. Approximate agreement was

achieved for the whole set of audiograms used
in the derivation process. Nonetheless, as we
shall illustrate later (Table 1), there were small
discrepancies between the prescriptions derived
from the two formulae. This is to be expected,
considering that the formulae provided com-
pletely independent estimates of the gain and fre-
quency response required for an average input
level for each audiogram. We considered that
both of these estimates had good credibility, and
that, therefore, the final NAL-NL1 procedure
should be calculated to be an average of the two
estimates. In other words, for an average input
level, NAL-NL1 was adjusted by half of the dif-
ference between its original prescriptions and the
NAL-RP prescriptions. Prescriptions for other
input levels were adjusted by the same amount
as prescriptions for the 70-dB input level. If,
for example, for a particular audiogram, the
original prescription at 3000 Hz for a 70-dB
input level was 6 dB higher than the NAL-RP
prescription, prescriptions at 3000 Hz for all
input levels were reduced by 3 dB. This adjust-
ment was carried out prior to the final curve fit-
ting process.

Implementation of NAL-NL1

The insertion gain prescription formula,
derived in the manner described above, has
been implemented in a more comprehensive
hearing aid fitting program. The software has
screens for recording client data; for entering the
audiogram; for specifying the type of hearing aid,
number of hearing aids (unilateral or bilateral),
and number of channels (one to four); and for dis-
playing the prescription. The “target” screen
permits the prescriptions to be displayed in sev-
eral forms that include real-ear insertion gain,
real-ear aided gain, real-ear aided threshold,
several forms of coupler gain, input/output
curves, and an aided speech spectrum display.
In addition to the graphs, the target screen pro-
vides prescriptions in the form of crossover fre-
quencies and, for each channel, CT, CR, and
gain for input levels of 50, 65, and 80 dB SPL.

The NAL-NL1 formula prescribes gain/
frequency curves for a series of input levels.
The complete prescription, as described above,
requires additional formulae and calculations.
The default compression threshold (CT) values
are calculated so that a speech input of 52 dB
SPL will just activate the compression. This
value is a compromise. It was chosen because
NAL research (Dillon et al, 1998; Barker and Dil-
lon, 1999) has indicated that, for single-channel
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hearing aids with fast-acting compressors, the
majority of hearing aid wearers prefer a CT in
excess of 60 dB SPL rather than the lower val-
ues that are often advocated. The default CT for
pure tones will depend on the number of hear-
ing aid channels. For a one-channel hearing
aid, the default CT will vary from 61 dB SPL at
400 Hz to 44 dB SPL at 4000 Hz. There is an
option for the audiologist to set the CT to any
desired speech input level, and the pure-tone CT
can be changed for any channel. The software
calculates the CR prescriptions by fitting a
straight line to the input/output curve above
the CT.

The selection of number of channels is left
to the hearing aid fitter to decide. Presumably,
this will depend on the model of hearing aid that
is being considered. The crossover frequencies,
and hence the frequency ranges of each channel,
are based on the audiogram in such a way that
hearing threshold varies by the smallest degree
possible within each channel.

COMPARISONS OF NAL-NL1
PRESCRIPTIONS WITH OTHER

PROCEDURES

Comparison Method

NAL-NL1 prescriptions were calculated for
13 audiograms representing various degrees of
flat, gently sloping, steeply sloping, and reverse
sloping configurations. Similar calculations were
made for the NAL-RP, FIG6, and DSL[i/o] pro-
cedures. We also included a threshold version of
the loudness-scaling-based procedure of Cox
(1995). That procedure seems most commonly
known as the IHAFF protocol (Valente and Van
Vliet, 1997). The DSL[i/o] prescriptions were
expressed as insertion gain by subtracting the
eardrum to free field transfer function (Bentler
and Pavlovic, 1989) from the DSL[i/o] real-ear
aided gain prescription for a speech-weighted
input. The CT was set at 50 dB SPL to make the
prescriptions most comparable to the NAL pre-
scriptions. The DSL prescriptions are for soft,
average, and loud speech. The other prescriptions
are for input levels of 50, 65, and 80 dB SPL. The
purpose of this exercise was to indicate the
range of prescriptions provided by NAL-NL1
and to ascertain how they compared with the pre-
scriptions of other available procedures.

Before presenting the comparisons, it is
necessary to explain three characteristics of the
NAL-NL1 graphs. First, the gain/frequency
response prescriptions for pure-tone inputs vary

depending on whether a single-channel or a
multichannel aid is selected. At each frequency
and input level, NAL-NL1 prescribes a certain
gain for broadband input signals such as speech,
irrespective of the number of channels. In any
multichannel nonlinear hearing aid, however, the
power falling into any channel is less than the
total power of the input signal, particularly for
high-frequency channels. When a pure-tone sig-
nal is input, all of its power falls into a single
channel at any one time. Consequently, if the
channel is in compression, the hearing aid will
apply a lower gain for a pure tone than it would
for a broadband signal at the same total level.
The gain difference increases as the channel
bandwidth decreases and increases as the CR
increases. The gain difference, typically 5 dB at
the most affected frequencies, mostly occurs
when changing from one to two channels, but
smaller differences may occur when changing
from two to three or three to four channels. As
the number of channels is not considered specif-
ically in the FIG6, IHAFF, or DSL procedures,
it is not clear which form of the NAL-NL1 pre-
scription is most appropriate for comparison.
We calculated NAL-NL1 prescriptions for each
number of channels. Fortunately, the rather
general conclusions that will be stated are not
affected by which form of the NAL-NL1 pre-
scription we use.

Second, the gains prescribed by NAL-NL1
at different frequencies are generally lower for
a bilateral fitting relative to a unilateral fitting
to take account of loudness summation effects.
Because other prescriptions do not include con-
siderations for the number of hearing aids fit-
ted, the NAL-NL1 prescriptions used in the
comparisons are based on averaging gain
required for a unilateral and a bilateral fitting.

Third, in some NAL-NL1 graphs, no pre-
scription is provided at some of the highest
and/or lowest frequencies. The reason is that
these frequencies cannot contribute significantly
to the predicted speech intelligibility regard-
less of how much gain is provided. Our recom-
mendation is that the gain should be equal to or
less than that at adjacent frequencies. The actual
amount may be determined by practical con-
siderations such as avoiding acoustic feedback
or providing what is easiest to achieve when
the prescription has been met at other fre-
quencies.

In the following sections, we present exam-
ples of the prescriptions of NAL-NL1 (for a
three-channel aid) and the comparison proce-
dures for each of five audiograms, together with
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some observations based on inspection of the full
set of 13 audiograms. Before considering the
nonlinear procedures, we shall show how NAL-
RP prescriptions compare with the NAL-NL1
prescriptions for an average input level (65 dB
SPL).

Results of Comparisons

NAL-NL1 versus NAL-RP

Figure 2 shows five sample audiograms.
The prescriptions that follow assume that all of
the hearing losses are sensorineural. (The NAL-
NL1 program prescribes additional gain for con-
ductive or mixed hearing losses.) Table 1 shows
how the NAL-NL1 prescriptions for 65 dB SPL
input compare with NAL-RP prescriptions.

Flat Audiograms

Figure 3 shows the prescriptions (insertion
gain curves) for a flat 60 dB HTL. The NAL and
IHAFF prescriptions are shown in the left panel,
and the FIG6 and DSL[i/o] prescriptions are
shown in the right panel.

The three NAL curves are relatively flat
above 1000 Hz. Below 1000 Hz, there is a low-
frequency cut that is greatest for the lowest
input level. At the low frequencies (below 1000
Hz), there is not much difference in the gain pre-
scribed for low and high inputs, thus indicating
that there is not much compression. At the
higher frequencies, the gain difference is about
15 dB, which would indicate about 2:1 com-
pression if applied over the whole range of inputs
from 50 to 80 dB. The prescribed CRs for a
three-channel aid, with the CT at the default set-

ting of 52 dB SPL for speech, were 1.23 at 315
Hz (pure-tone CT = 55 dB), 1.53 at 630 Hz (CT
= 57 dB), and 2.23 at 2500 Hz (CT = 44 dB).

The IHAFF prescription is very different
from NAL in that it is a low-frequency empha-
sis response. Although the gain prescriptions
of the two procedures are broadly similar above
1000 Hz, IHAFF prescribes far more gain at
the low frequencies. The differences between
the three IHAFF curves indicate that the pro-
cedure prescribes somewhat more than 2:1 com-
pression for all frequencies. The FIG6 procedure
prescribes a flat frequency response, for all input
levels, for a flat audiogram. For this 60 dB HTL,
the CR appears to be 2.6. (The FIG6 program
actually prescribes a CR of 2.9 for 40- to 65-dB
input levels and a CR of 2.3 for 65- to 95-dB input
levels.) FIG6 and DSL both prescribe more
low-frequency gain than the NAL but less than
the IHAFF.

In this example and in the following figures,
the DSL[i/o] prescription is almost the same for
the soft and average speech inputs. This reflects
the selection of a relatively high CT (50 dB SPL).
In other words, nearly all input levels up to the
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Table 1 Differences Between Insertion Gain
Prescribed by NAL-NL1, for 65 dB SPL Input,
and NAL-RP Procedures for the Five Sample

Audiograms Shown in Figure 2

Frequency (kHz)

Audiogram 0.25 0.5 1 2 4 6 rms

1 0.5 –1 0 1 2 2 1.3
2 0 –2 0.5 0 –1.5 0 1.0
3 1 –3 0 1 2 1.7
4 0 0 2.5 0 0 1.1
5 0 0 –0.5 0.5 1.5 0.7

The values are NAL-NL1 gain minus NAL-RP gain. The
differences are shown for six frequencies together with the root
mean square (rms) difference.Figure 2 Examples of audiograms used for comparing

prescriptive procedures, as shown in Figures 3 to 7.

Figure 3 Prescriptions for flat audiogram (1), for inputs
of 50, 65, and 80 dB SPL, of NAL-NL1, IHAFF (thresh-
old version), FIG6, and DSL[i/o] procedures.



average level are amplified with the same gain
(i.e., linearly). If the CT is set lower, the soft
speech input will be given more gain than the
average input. This does not happen to the same
extent for NAL-NL1 because CT is varied for
each channel of a multichannel aid and, as shown
above and in the following examples, the CT at
the higher frequencies is less than 50 dB SPL.

Reverse Slope Audiogram

Figure 4 shows the prescriptions for the
reverse slope audiogram. NAL-NL1 prescribes
most gain at the mid frequencies, with less at the
low frequencies (500 Hz and lower) and least at
the high frequencies (above 3000 Hz). The pre-
scribed CRs for a three-channel aid are 1.47,
2.24, and 1.38 for the low, mid, and high fre-
quencies, respectively. The three comparison pro-
cedures prescribe similar gain to NAL-NL1 at the
mid frequencies (1000 Hz and 2000 Hz) but a lit-
tle less than NAL-NL1 at the high frequencies and
considerably more at the low frequencies. As for
the flat audiogram, the IHAFF prescribes the
most low-frequency gain. The comparison proce-
dures prescribe the most compression at the low
frequencies. The CRs at 500 Hz range from about
1.5 for DSL[i/o] to about 3 for the IHAFF. For
DSL[i/o], the gain for low and average levels is the
same at frequencies above 1000 Hz (i.e., ampli-
fication is linear for all below-average inputs).

Moderately Sloping High-Frequency
Hearing Loss

Figure 5 shows the prescriptions for the mod-
erately sloping audiogram. NAL-NL1 prescribes
a moderate degree of high-frequency emphasis
with little gain and little compression at fre-
quencies of 500 Hz and below where the hearing
loss is mild. At higher frequencies, the prescribed
CRs are 2.0 and 2.18 at 1600 and 4000 Hz, respec-

tively. The comparison procedures prescribe sim-
ilar gain to NAL at the mid frequencies
(1000–2000 Hz). At the low frequencies, they pre-
scribe more gain than NAL-NL1 and a significant
degree of compression. At frequencies at and
above 4000 Hz, FIG6 and DSL[i/o] prescribe more
gain than NAL.

Steeply Sloping High-Frequency Hearing
Losses

Figures 6 and 7 show the prescriptions for
the two steeply sloping audiograms. NAL-NL1
provides a substantial degree of high-frequency
emphasis with no gain at the low frequencies,
which have normal or near-normal hearing. At
1600 and 4000 Hz, respectively, the prescribed
CRs are 1.48 and 1.86 for audiogram 4 and 1.67
and 2.06 for audiogram 5. The comparison pro-
cedures prescribe more high-frequency empha-
sis than NAL-NL1. The IHAFF and FIG6 also
prescribe more compression at the high fre-
quencies. The differences in frequency response
are most evident from the gain at 4000 Hz or by
comparing the response slopes from 1000 to
4000 Hz. For example, for the 65-dB input for
audiogram 4, the slopes (4000 Hz gain minus
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Figure 4 Prescriptions for reverse slope audiogram (2),
for inputs of 50, 65, and 80 dB SPL, of NAL-NL1, IHAFF
(threshold version), FIG6, and DSL[i/o] procedures.

Figure 6 Prescriptions for steeply sloping audiogram (4),
for inputs of 50, 65, and 80 dB SPL, of NAL-NL1, IHAFF
(threshold version), FIG6, and DSL[i/o] procedures.

Figure 5 Prescriptions for moderately sloping audiogram
(3), for inputs of 50, 65, and 80 dB SPL, of NAL-NL1,
IHAFF (threshold version), FIG6, and DSL[i/o]
procedures.



1000 Hz gain) are 19 dB for NAL-NL1, 30 dB for
IHAFF, 35 dB for FIG6, and 44 dB for DSL[i/o].
If we consider a variation of audiogram 4 in
which the hearing threshold levels at 2000 and
4000 Hz are increased to 85 and 105 dB, respec-
tively, then NAL-NL1 will not provide a pre-
scription for frequencies above 2500 Hz. Thus,
although the comparison procedures would pre-
scribe considerably more gain at 4000 than at
2500 Hz, NAL-NL1 predicts that the gain at
the higher frequencies will not make any dif-
ference to speech intelligibility and, therefore,
recommends gain that is equal to or less than
the gain at 2500 Hz.

DISCUSSION

Characteristics of NAL-NL1
Prescriptions

For an average speech input level (65 or 70
dB SPL), NAL-NL1 prescriptions agree closely
with NAL-RP prescriptions. This agreement is
partly because the final NAL-NL1 prescriptions
are averages of those obtained from the NAL-NL1
derivation procedure and those of NAL-RP. How-
ever, the agreement is still relatively good if we
consider the NAL-NL1 prescriptions as origi-
nally derived. Examples of such prescriptions can
be deduced from Table 1 as they simply differ
from NAL-RP by twice as much as the NAL-NL1
prescriptions that are shown.

The gain prescribed for various input levels,
for each channel, is greatest for the lowest inputs
and least for the highest inputs (i.e., compres-
sion). The amount of compression varies with fre-
quency and hearing loss, tending to be greatest
at the highest frequencies and the larger hear-
ing losses. At frequencies where there is suffi-
cient hearing loss to require amplification, CRs
are usually in the range from 1.3 to 2.3:1.

For sloping audiograms, the frequencies
with the greatest hearing loss will usually be
associated with the most reduction in dynamic
range and will, thereby, tend to need the most
compression. When the degree of compression
is frequency dependent, the frequency response
prescriptions for a nonlinear aid will be level
dependent. This is true for the NAL-NL1 pre-
scriptions but less so than might be expected
from considering loudness perception data. For
example, we might expect that the frequency
response curves for a sloping hearing loss would
become flatter as input increases because equal
loudness curves become flatter at higher levels.
However, this does not consistently happen to
the degree expected on the basis of loudness nor-
malization. An explanation is apparent from
examining specific loudness and weighted audi-
bility graphs of the type shown in Figure 1.
When the hearing loss at the low frequencies is
only moderate, relatively little low-frequency
gain is required to maximize the SII contribu-
tion of the low frequencies for an average, or
even soft, input level. Consequently, when the
input is increased, there may be no advantage
in increasing the low-frequency output level;
therefore, the frequency response required to
maximize speech intelligibility may steepen
rather than flatten. Of course, this is directly
the result of using a calculation method that
maximizes predicted speech intelligibility. There
may be other reasons, perhaps related to speech
quality or the detection and localization of
sounds, that argue against too much limitation
of low-frequency signal.

A distinctive feature of NAL-NL1 is that it
may not provide a prescription at the most
extreme frequencies. This is especially likely to
occur at the high frequencies if hearing loss is
severe. The reason is that amplified signal at
those frequencies can make no more than a min-
imal contribution to predicted speech intelligi-
bility. This is partly because of limited capacity
to use high-frequency information (i.e., hearing
loss desensitization) and partly because even
the maximal contribution of those frequencies
to the SII is small.

As illustrated in Figure 1, NAL-NL1 tends
to equalize loudness across frequencies for mild
and moderate hearing losses, except at the most
extreme frequencies. The range of frequencies
over which loudness is equalized widens as input
level increases. This is a consequence of striv-
ing to maximize speech intelligibility while con-
straining overall loudness. It is interesting and
reassuring that this occurs as it agrees with
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Figure 7 Prescriptions for steeply sloping audiogram (5),
for inputs of 50, 65, and 80 dB SPL, of NAL-NL1, IHAFF
(threshold version), FIG6, and DSL[i/o] procedures.



the rationale of the NAL-R linear procedures,
which was to equalize loudness except for the
modifications for severe hearing losses. As also
noted here (Fig. 1) and by Moore and Glasberg
(1998), a different specific loudness pattern
would be required to normalize loudness across
frequencies.

Comparisons with Other Prescriptions

Figures 3 to 7 show that NAL-NL1 pre-
scriptions differ from the prescriptions of all of
the comparison procedures. NAL-NL1 prescribes
relatively less low-frequency gain for flat audio-
grams and relatively less high-frequency gain for
steeply sloping audiograms. It also tends to pre-
scribe less compression than the other proce-
dures.

The differences between NAL and the com-
parison procedures can be explained largely by
the operation of two factors. First, the other
procedures are based on loudness normaliza-
tion, whereas NAL is an intelligibility maxi-
mization procedure. If the aim is to normalize
loudness, then the speech spectrum will be
amplified so that the different frequency bands
will retain their normal relative loudness; con-
sequently, some frequencies, mainly the low fre-
quencies, will be louder than others. A procedure
that maximizes intelligibility will first tend to
equalize specific loudness by flattening the
speech spectrum. Second, it will give least gain
to those frequencies that are least important
for intelligibility. Both of these processes will lead
to least gain for low-frequency sounds. Thus, for
a flat audiogram, NAL-NL1 will prescribe a low-
cut frequency below 1000 Hz, whereas FIG6 will
prescribe a flat frequency response. The IHAFF
threshold procedure, which is designed to approx-
imate the original IHAFF procedure based on
loudness judgments, prescribes a low-frequency
emphasis response for a flat audiogram.

The second factor is the slope rule. Implicit
in all threshold-based prescription procedures is
a rule that describes how variations in audio-
gram slopes are compensated for by varying the
frequency response slopes. Several linear
prescription procedures have been based on a
half-gain rule, which, if applied independently
at each of a number of frequencies, as in some
procedures (Byrne and Tonisson, 1976; McCan-
dless and Lyregaard, 1983; Moore and Glas-
berg, 1998), translates into a half-slope rule.
For example, if the audiogram slope between two
frequencies becomes greater by 10 dB, then the
frequency response slope will be increased by 5

dB. In the DSL (linear) procedure (Seewald et
al, 1991), the implied slope rule is approximately
a two-thirds slope rule, and in the NAL-R pro-
cedure, there is a one-third slope rule. In the non-
linear procedures, the slope rules are more
difficult to discern and are level dependent.
Nonetheless, it is clear that the slope rules (i.e.,
the change in response slope for a given change
in audiogram slope) differ for the various pro-
cedures. For an average level input, NAL-NL1,
like NAL-R, embodies approximately a one-third
slope rule, whereas the rules of the other proce-
dures would be from one-half to two-thirds slope.
The explanation of why NAL-NL1 has a less
steep slope rule is partly related to the inclusion
of the hearing loss desensitization correction.

The differences in slope rules are the rea-
son why the NAL-NL1 prescriptions show less
high-frequency emphasis for the steeply sloping
audiograms than do the other prescriptions.
The slope rule differences do not have any effect
on flat audiograms, and the differences in the
prescriptions arise because the equalization
procedure (NAL-NL1) includes speech spec-
trum adjustments, whereas the normalization
procedures do not. For moderately sloping audio-
grams, the effects of the speech spectrum adjust-
ments and the slope rule differences are
approximately equal but opposite in direction;
hence, there is reasonable agreement between
NAL-NL1 and the other prescriptions. The
rationale behind the DSL[i/o] includes a varia-
tion from conventional loudness normalization:
an extended dynamic range, rather than the nor-
mal dynamic range, is mapped onto the hear-
ing-impaired dynamic range. It is of interest to
note that the DSL[i/o] prescriptions are never-
theless similar to the normalization prescrip-
tions. In fact, when expressed as insertion gain,
DSL[i/o] prescriptions are usually similar to
the FIG6 prescriptions. There are, however,
differences between the three comparison pro-
cedures even though IHAFF and FIG6 have
the same rationale.

The IHAFF procedure used in these com-
parisons is a threshold version rather than the
original and better-known version based on loud-
ness measurements (Cox, 1995). However, as
part of another study, loudness-based IHAFF
prescriptions have been calculated and com-
pared with NAL-NL1 prescriptions. The broad
conclusions about differences between proce-
dures would be the same regardless of which ver-
sion of the IHAFF is used. For the individual,
the reported differences could be greater or less
when the loudness-based IHAFF is used because
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the prescriptions may vary for different indi-
viduals having the same audiogram.

In this article, we have not reported any
comparisons of NAL-NL1 with any of the linear
fitting procedures. However, some inferences
can be drawn from previous reports comparing
NAL-RP with other procedures (Humes, 1986;
Byrne, 1987, 1992; Byrne et al, 1997). In general,
compared with NAL-RP, the more popular other
procedures, such as prescription of gain and
maximum output (POGO) or POGO II (Schwartz
et al, 1988) and DSL (Seewald et al, 1996), pre-
scribe more high-frequency emphasis for sloping
high-frequency hearing losses and more gain for
severe hearing losses. The same would be true
if these procedures were compared with the aver-
age input prescriptions of NAL-NL1 as these
are similar to NAL-RP. The recently proposed
Cambridge formula (Moore and Glasberg, 1998)
may be of particular interest because it was
derived in a similar fashion to NAL-NL1. The
basis of the formula is to equalize specific loud-
ness across the frequency range above 500 Hz.
It is argued that this should maximize the AI, and
data are presented to show that it does so (Moore
and Glasberg, 1998). Note that the Cambridge
formula aims to equalize loudness and that the
tendency to maximize the AI is a consequence of
this. By contrast, NAL-NL1 aims to maximize the
SII, and a consequence is that, within certain lim-
its, loudness tends to be equalized. Some idea of
how the Cambridge and NAL-NL1 prescriptions
will compare may be gained by appreciating that
the Cambridge formula is almost identical to
the original POGO formula (McCandless and
Lyregaard, 1983), which is rather similar to the
original NAL formula (Byrne and Tonisson, 1976).
The main respect in which Cambridge differs
from NAL-R, and hence NAL-NL1, is that it
embodies a one-half slope rather than one-third
slope rule. Therefore, for sloping audiograms,
Cambridge will prescribe more high-frequency
emphasis than NAL.

It may seem surprising that two procedures,
NAL-NL1 and Cambridge, that were derived in
a similar manner and that both apparently max-
imize the AI or SII, can result in different pre-
scriptions. The explanation is that, unlike
NAL-NL1, the Cambridge formula, and the AI
calculations that are reported to support it, do
not take account of hearing loss desensitization
or even the level distortion correction that is
incorporated into the SII calculations. Consid-
eration of hearing loss desensitization is unique
to NAL-NL1 and its predecessors and is the
reason for using a different slope rule that results

in less high-frequency emphasis, for sloping
high-frequency audiograms, than is prescribed
by most other procedures. Failure to consider
hearing loss desensitization or level distortion
is also the reason why calculations based on
simplified AI schemes can, and frequently will,
lead to wrong conclusions about the relative
effectiveness of different frequency responses
(Byrne, 1992).

Validation Issues

The NAL-NL1 procedure, like several other
recently developed procedures, provides a pre-
scription of the amplification characteristics for
nonlinear hearing aids. The prescription is
generic in that it can be applied to any type of
nonlinear aid, although the derivation assumes
the level distribution of uncompressed speech.
That is, its prescriptions strictly apply only to
hearing aids with attack and release times longer
than the duration of speech phonemes. How-
ever, given the small effect of compression on the
intelligibility of audible speech and the suit-
ability of the SII for predicting the intelligibility
of compressed speech (Souza and Turner, 1999),
the NAL-NL1 procedure may also have applica-
tion to hearing aids with fast attack and release
times. Although NAL-NL1 has a plausible ratio-
nale, the critical question for any procedure is
whether it really works in the sense of pre-
scribing the best amplification characteristics
for each individual. We consider NAL-NL1 to be
partly validated because the prescriptions for
an average speech input agree closely with those
of the NAL-RP procedure that is supported by
considerable research. The agreement was rea-
sonable even before the final adjustment of aver-
aging the original NAL-NL1 and NAL-RP
prescriptions. The graphs presented earlier (see
Fig. 1) confirm that the rationale of optimizing
predicted speech intelligibility does tend to equal-
ize loudness across frequencies. This degree of
validation is reassuring and, we believe, an
advantage of NAL-NL1 over completely new pro-
cedures that have no empirical support. However,
there is no research to support the NAL-NL1 or
any other prescriptions for high- and for low-level
inputs. Even the average-level prescriptions (i.e.,
those equivalent to NAL-RP prescriptions) have
been validated only against the criteria of per-
ceived speech intelligibility and pleasantness
(Byrne and Cotton, 1988).

To conduct a comprehensive validation of
any prescription procedure, we need to con-
sider alternative fitting rationales and a range
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of validation criteria. The NAL-NL1 procedure
has the rationale of optimizing speech intelli-
gibility while presenting speech with normal
overall loudness or at a lower level if that would
improve speech intelligibility. There is no evi-
dence that normalizing overall loudness corre-
sponds to hearing aid wearers’ preferences or is,
in any sense, optimal. Consider, for example,
some alternative possibilities for amplifying
high- and low-level inputs. If we assume that
average speech (65–70 dB SPL) will be ampli-
fied to the preferred listening level (PLL), then
higher level inputs will be amplified to fall
between the PLL and the hearing aid’s limiting
level, which presumably will be set at or below
the aid wearer’s loudness discomfort level. One
possible fitting rationale would be to apply a high
degree of compression to high-level inputs so that
most would be amplified to levels not much
above PLL. Fitting on this basis should result
in greater comfort than using less compression,
which would permit a greater proportion of
sounds to be amplified to levels approaching or
reaching limiting. However, a high degree of
compression could result in unacceptable sound
quality. There is little information on which to
judge how much compression of high-level
sounds is needed to maximize comfort or how
much can be used before sound quality is per-
ceived as being degraded. Certainly, there is no
basis for assuming that the amount that nor-
malizes loudness will be optimal or, indeed, that
the preferred amount is strongly correlated with
loudness. In a similar vein, there is no strong
argument that very soft sounds should be ampli-
fied to normal loudness. Other rationales could
be advanced and at least one, based on audibil-
ity, has been (Moore et al, 1998).

The NAL-NL1 procedure, like its predeces-
sors and most other procedures, is strongly
based on the idea of maximizing speech intelli-
gibility. This priority is understandable but lim-
iting in that it may be important, for some or all
individuals, to consider other aspects of auditory
functioning. Indeed, research suggests that
sound quality is an important determinant of sat-
isfaction with amplification (Humes, 1999). Fur-
thermore, it seems that speech intelligibility
may be little affected by a considerable variation
in amplification characteristics (Van Buuren et
al, 1995), at least for speech presented over a
restricted range of overall levels. Consequently,
such differences in speech intelligibility as may
occur could well be less important than other
effects of moderate variations in frequency
response or compression characteristics. Indi-

rectly, and to a limited extent, NAL-NL1 takes
account of some quality considerations in that
NAL-R was validated partly on the basis of
pleasantness judgments. Furthermore, the wide
acceptance of NAL-R for over a decade suggests
that its prescriptions do not lead to notably poor
sound quality. Nonetheless, there are many
questions to be answered about the effects of
amplification variations on the various attrib-
utes of quality and of the importance of these for
individuals.

Variations in amplification could be expected
to affect the detection and localization of sounds.
Byrne and Noble (1998) have discussed some
implications of localization research for hearing
aid fitting. There is little information on the
detection of environmental sounds by people
with hearing impairments, although they do
report reduced ability to hear at a distance
(Noble et al, 1995). Considering that localization,
in the horizontal plane, is most highly correlated
with low-frequency hearing and that many envi-
ronmental sounds have most energy in the low
frequencies, we would expect that localization
and detection would suffer if a hearing aid did
not provide sufficient low-frequency amplifica-
tion. It is possible that the frequency response
that is optimal for speech intelligibility may not
be best for localizing and detecting sounds.

The general point of the above discussion is
that it is a complex issue to determine what is
optimal amplification or, indeed, to judge what
is the best basis for making such a decision.
Consequently, it is extremely difficult to per-
form a comprehensive validation of a prescrip-
tive procedure. Nonetheless, we urge that
validation research should take a broad view of
possible fitting objectives and should try to con-
sider speech intelligibility, under various con-
ditions, listening comfort, sound quality, the
detection of environmental sounds, and spatial
aspects of hearing (localization and external-
ization). As some important factors may not be
readily measured, and some listening condi-
tions may not be readily simulated, it is impor-
tant to supplement laboratory studies with field
trials and some global measures of the success
of different amplification strategies.

SUMMARY

T his article has presented an overview of a
new procedure for prescribing nonlinear

amplification (NAL-NL1). The rationale of the
procedure is to maximize predicted speech intel-
ligibility while constraining loudness to be nor-
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mal or less. Speech intelligibility is predicted by
a version of the SII that has been modified to
account for the reduced ability to use audible
information associated with listening at high
levels and with increasing degrees of hearing
loss. A series of examples has illustrated the
main characteristics of NAL-NL1 prescriptions
and has shown how they differ from the pre-
scriptions of other procedures. The NAL-NL1
prescriptions for an average-level input agree
closely with those of the well-established 
NAL-RP procedure. Such prescriptions may be
accepted with considerable confidence because
of the supporting research and wide acceptance
of the NAL-RP procedure. However, the pre-
scriptions for high- and low-level inputs are
derived purely from logic, and the rationale
adopted requires validation. It is acknowledged
that other plausible rationales could be pro-
posed and that validation is a complex and dif-
ficult issue.

The NAL-NL1 prescriptions have been
compared with those provided by the two most
popular threshold-based nonlinear fitting pro-
cedures, FIG6 and DSL[i/o], and with a thresh-
old version of the IHAFF procedure. In general,
all procedures give similar prescriptions for
audiograms sloping to a moderate degree from
low to high frequencies and having normal
hearing at the lowest frequencies. If there is a
mild hearing loss at the low frequencies, the
comparison procedures may prescribe signifi-
cant low-frequency gain, whereas NAL-NL1
may not. The NAL-NL1 prescriptions usually
differ substantially from those of the other pro-
cedures for flat audiograms, reverse slope audio-
grams, and for steeply sloping high-frequency
hearing losses. The three comparison proce-
dures also differ from each other for many
audiograms.

Acknowledgments. We are most grateful to Robyn Cox
for providing data from which we calculated a threshold
formula that provided, on average, prescriptions equiv-
alent to those based on her contour test. We are also
indebted to Richard Seewald for advice on which options
of the DSL[i/o] software should be used to generate pre-
scriptions most comparable with those of NAL-NL1
applied with the default CT setting.

REFERENCES

Allen JB, Hall JL, Peng PS. (1990). Loudness growth in
¹⁄₂ octave bands (LGOB)—a procedure for assessment of
loudness. J Acoust Soc Am 88:745–753.

American National Standards Institute. (1969). American
National Standards Methods for the Calculation of the
Articulation Index. (ANSI S3.5-1969). New York: ANSI.

American National Standards Institute. (1993). American
National Standards Methods for the Calculation of the
Speech Intelligibility Index. (ANSI S3.5-1993, draft v3.1).
New York: ANSI.

Arlinger S, Billermark E, Oberg M, Lunner T, Hellgren
J. (1998). Clinical trial of a digital hearing aid. Scand
Audiol 27:51–61.

Barker C, Dillon H. (1999). Client preferences for com-
pression threshold in single channel wide dynamic range
compression hearing aids. Ear Hear 20:127–139.

Bentler R, Pavlovic C. (1989). Transfer functions and cor-
rection factors used in hearing aid evaluation and
research. Ear Hear 10:58–63.

Byrne D. (1983). Theoretical prescriptive approaches to
selecting the gain and frequency response of a hearing
aid. Monogr Contemp Audiol 4(1):1–40.

Byrne D. (1986a). Effects of bandwidth and stimulus type
on most comfortable loudness levels of hearing-impaired
listeners. J Acoust Soc Am 80:484–493.

Byrne D. (1986b). Effects of frequency response charac-
teristics on speech discrimination and perceived
intelligibility and pleasantness of speech for hearing-
impaired listeners. J Acoust Soc Am 80:494–504.

Byrne D. (1987). Hearing aid selection formulae: same
or different? Hear Instr 38(1):5–11.

Byrne D. (1992). Key issues in hearing aid selection and
evaluation. J Am Acad Audiol 3:67–80.

Byrne D. (1993). Implications of National Acoustic
Laboratories’ (NAL) research for hearing aid gain and
frequency response selection strategies. In: Studebaker
GA, Hochberg I, eds. Acoustical Factors Affecting Hearing
Aid Performance. Boston: Allyn and Bacon, 119–131.

Byrne D. (1996). Hearing aid selection for the 1990s:
where to? J Am Acad Audiol 7:377–395.

Byrne D, Ching T. (1997). Optimising amplification for
hearing-impaired children: issues and procedures. Aust
Educators Deaf 3:21–28.

Byrne D, Cotton S. (1988). Evaluation of the National
Acoustic Laboratories’ new hearing aid selection proce-
dure. J Speech Hear Res 31:178–186.

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

Byrne D, Dillon H, Tran K, Arlinger S, Wilbraham K,
Cox R, Hagerman B, Hetu R, Kei J, Lui C, Kiessling J,
Kotby MN, Nasser NHA, LePage E, Kholy WAH,
Nakanishi Y, Oyer H, Powell R, Stephens D, Meredith
R, Sirimanna T, Tavartkiladze G, Frolenkov GI,
Westerman S, Ludvidsen C. (1994). An international com-
parison of long-term average speech spectra. J Acoust
Soc Am 96:2108–2120.

Byrne D, Fifield D. (1974). Evaluation of hearing aid fit-
tings for infants. Br J Audiol 8:47–54.

Byrne D, Murray N. (1986). Predictability of the required
frequency response characteristics of a hearing aid from
the pure tone audiogram. Ear Hear 7:63–70.

Journal of the American Academy of Audiology/Volume 12, Number 1, January 2001

50



Byrne D, Noble W. (1998). Optimizing sound localization
with hearing aids. Trends Amplific 3:49–73.

Byrne D, Parkinson A, Newall P. (1990). Hearing aid gain
and frequency response requirements of the severely/pro-
foundly hearing-impaired. Ear Hear 11:40–49.

Byrne D, Parkinson A, Newall P. (1991). Modified hear-
ing aid selection procedures for severe/profound hearing
losses. In: Studebaker G, Bess F, Beck L, eds. The Vanderbilt
Hearing Aid Report II. Parkton, MD: York Press.

Byrne D, Tonisson W. (1976). Selecting the gain of hear-
ing aids for persons with sensorineural hearing losses.
Scand Audiol 5:51–59.

Ching T, Newall P, Wigney D. (1996). Frequency response
and gain requirements of severely and profoundly hear-
ing impaired children. Aust J Audiol 18:99–101.

Ching T, Dillon H, Byrne D. (1998). Speech recognition
of hearing impaired listeners: predictions from audibil-
ity and the limited role of high-frequency amplification.
J Acoust Soc Am 103:1128–1140.

Ching T, Dillon H, Katsch R, Byrne D. Maximizing effec-
tive audibility in hearing aid fitting. Ear Hear (in press).

Cornelisse L, Seewald RC, Jamieson DG. (1995). The
input/output formula: a theoretical approach to the fit-
ting of personal amplification. J Acoust Soc Am
97:1854–1864.

Cox RM. (1995). Using loudness data for hearing aid
selection: the IHAFF approach. Hear J 48(2):10–44.

Dillon H. (1996). Compression? Yes, but for low or high
frequencies, for low or high intensities, and for what
response times? Ear Hear 17:287–307.

Dillon H, Storey L, Grant F, Phillips A, Skelt L, Mavrias
G, Woytowych W, Walsh M. (1998). Preferred compres-
sion threshold with 2:1 wide dynamic range compression
in everyday environments. Aust J Audiol 20:33–44.

Hogan CA, Turner CW. (1998). High frequency audibil-
ity: benefits for hearing-impaired listeners. J Acoust Soc
Am 104:432–441.

Humes L. (1986). An evaluation of several rationales for
selecting hearing aid gain. J Speech Hear Disord
51:272–281.

Humes L. (1999). Dimensions of hearing aid outcome. J
Am Acad Audiol 10:26–39.

Kiessling J, Schubert M, Archut A. (1996). Adaptive fit-
ting of hearing instruments by category loudness scaling
(ScalAdapt). Scand Audiol 25:153–160.

Killion M, Fikret-Pasa S. (1993). The 2 types of sen-
sorineural hearing loss: loudness and intelligibility
considerations. Hear J 46(11):31–34.

Lunner T, Hellgren J, Arlinger S, Elberling C. (1997a).
A digital filterbank hearing aid: predicting user prefer-
ence and performance. Ear Hear 18:12–25.

Lunner T, Hellgren J, Arlinger S, Elberling C. (1997b).
A digital filterbank hearing aid: three digital signal pro-
cessing algorithms—user preference and performance.
Ear Hear 18:373–387.

Lunner T, Hellgren J, Arlinger S, Elberling C. (1997c).
A digital filterbank hearing aid: improving a prescrip-

tive fitting with subjective judgments. Scand Audiol
26:169–176.

Lybarger SF. (July 3, 1944). U.S. Patent Application SN
543.278.

McCandless GA, Lyregaard PE. (1983). Prescription of
gain/output (POGO) for hearing aids. Hear Instr
34(1):16–17, 19–21.

Martin FN, Champlin CA, Chambers JA. (1998). Seventh
survey of audiometric practices in the United States. J
Am Acad Audiol 9:95–104.

Moore BCJ, Alcantara JI, Glasberg BR. (1998).
Development and evaluation of a procedure for fitting
multichannel compression hearing aids. Br J Audiol
32:177–195.

Moore BCJ, Glasberg BR. (1997). A model of loudness
perception applied to cochlear hearing loss. Auditory
Neurosci 3:289–311.

Moore BCJ, Glasberg BR. (1998). Use of a loudness model
for hearing aid fitting. I. Linear hearing aids. Br J Audiol
32:317–327.

Noble W, Ter-Horst K, Byrne D. (1995). Disabilities and
handicaps associated with impaired auditory localiza-
tion. J Am Acad Audiol 6:129–140.

Ricketts TA. (1996). Fitting hearing aids to individual
loudness perception measures. Ear Hear 17:124–132.

Schwartz D, Lyregaard PE, Lundh P. (1988). Hearing aid
selection for severe/profound hearing losses. Hear J
41(2):13–17.

Seewald RC, Cornelisse LE, Ramji KV, Sinclair ST, Moodie
KS, Jamieson DG. (1996). DSL v4.0 for Windows Manual.
London, ON: University of Western Ontario.

Seewald RC, Zelisko DL, Ramji KV, Jamieson DG.
(1991). A Computer-Assisted Implementation of the
Desired Sensation Level Method for Electroacoustic
Selection and Fitting in Children: Version 3.0. DSL 3.0
user’s manual. London, ON: University of Western
Ontario.

Skinner MW. (1988). Hearing Aid Evaluation. Englewood
Cliffs, NJ: Prentice Hall.

Snik AFM, van den Borne S, Brokx JPL, Hoekstra C.
(1995). Hearing aid fitting in profoundly hearing-impaired
children: comparison of prescription rules. Scand Audiol
24:225–230.

Souza PE, Turner CW. (1999). Quantifying the contri-
bution of audibility to recognition of compression-amplified
speech. Ear Hear 20:12–20.

Studebaker GA, Sherbecoe RL. (1992). LASR3 (SSB): A
Model for the Prediction of Average Speech Recognition
Performance of Normal Hearing and Hearing-Impaired
Persons. Laboratory Report 92-02, Hearing Sciences
Laboratory. Memphis: Memphis State University.

Valente M, Van Vliet D. (1997). The Independent Hear-
ing Aid Fitting Forum (IHAFF) Protocol. Trends Amplific
8:6–35.

Van Buuren RA, Festen JM, Plomp R. (1995). Evaluation
of a wide range of amplitude-frequency responses for the
hearing-impaired. J Speech Hear Res 38:211–221.

NAL-NL1 Procedure/Byrne et al

51






