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Introduction

Cochlear hearing loss is sometimes associated
with complete destruction of the inner hair cells
(IHCs) within the cochlea (Schucknecht 1964, 1974;
Engström 1983). For reviews, see Schucknecht (1974)
and Borg, Canlon and Engström (1995). Sometimes
the IHCs may still be present, but may be sufficiently
abnormal that they no longer function. The IHCs are
the transducers of the cochlea, responsible for con-
verting the vibration patterns on the basilar mem-
brane into action potentials in the auditory nerve.
When the IHCs are non-functioning over a certain
region of the cochlea, no transduction will occur in
that region. For this reason, I refer to such a region as
a dead region.

I have proposed (Moore 2001) that a dead region
should be defined in terms of the characteristic fre-
quencies (CFs) of the IHCs and/or neurones immedi-
ately adjacent to the dead region. For example, if
there are surviving IHCs and neurons with CFs up to
2000 Hz, but not above, this would be described as
high-frequency dead region starting at 2000 Hz. This
definition is appropriate even if the CFs of the IHCs
and neurones are shifted from “normal” values, as
can happen in cases of cochlear hearing loss (Sellick,
Patuzzi and Johnstone 1982; Ruggero, Rich, Recio,
Narayan and Robles 1997). The definition also allows
for an easy interpretation of the psychoacoustic
results that will be presented later in this paper.

The diagnosis of dead regions is clinically import-
ant for two reasons. Firstly, if there are one or more
extensive dead regions, the benefit of a hearing aid is
likely to be limited, and aided speech intelligibility is
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likely to be poor (Halpin, Thornton and Hasso 1994;
Baer, Moore and Kluk in press; Vickers, Moore and
Baer 2001). Secondly, results presented below sug-
gest that there is little or no benefit of amplifying
frequencies well inside a dead region. Therefore, the
diagnosis of dead regions has important implications
for the fitting of hearing aids.

It should be emphasised that the experimental
work on dead regions conducted in my laboratory has
used adult subjects with acquired hearing loss. Such
hearing loss is often, but not exclusively, associated
with dysfunction of the IHCs and outer hair cells
(OHCs) (Schuknecht 1974; Wright, Davis, Bredberg,
Ulehlova and Spencer 1987). Causes of congenital
hearing loss are likely to be much more varied, and
may involve abnormalities in many structures and
systems other than the OHCs and IHCs, for example
the stria vascularis and the tectorial membrane
(Friedman 1997).

Dead Regions and the Audiogram

Basilar-membrane vibration in a dead region is
not detected via the neurones directly innervating
that region. Say, for example, that the IHCs at the
basal end of the cochlea are non-functioning. Neurons
innervating the basal end, which would normally
have high CFs, will not respond. However, if a high-
frequency sinusoid is presented, it may be detected if
it produces sufficient basilar-membrane vibration at
a more apical region; this corresponds to downward
spread of excitation. In other words, a high-frequency
sound may be detected via neurons that are tuned to
lower frequencies. Similarly, when there is a low-
frequency dead region, a low-frequency tone may be
detected via the upward spread of excitation to a more
basal region of the cochlea.
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It has been recognized for many years that, when
a dead region is present, the audiogram will give a
misleading impression of the amount of hearing loss,
for a tone whose frequency falls in the dead region
(Gravendeel and Plomp 1960; Halpin et al. 1994).
Effectively, the “true” hearing loss in a dead region is
infinite, but the audiogram may sometimes indicate
only a moderate hearing loss. This is especially true
when there is a low-frequency dead region. To explain
why this is so, I will make use of the concept of the
excitation pattern. Normally, this is taken to refer to
the amount of excitation evoked by a sound as a func-
tion of “place” on the basilar membrane or the associ-
ated CF (Zwicker 1970; Moore and Glasberg 1983;
Moore 1997). However, within a dead region, basilar-
membrane vibration does not lead to neural activity,
whereas the word “excitation” could be taken to imply
such activity. Here, I use the term excitation pattern
to refer to the amount of basilar-membrane vibration,
plotted as a function of the associated CF, regardless
of whether or not that vibration leads to neural
activity.

The solid curve in figure 1 shows schematically
the excitation pattern that might be evoked by a
low-frequency (250 Hz) tone in an ear with a low-

Figure 1. The solid curve shows the excitation pattern that
might be evoked by a low-frequency (250 Hz) tone in an ear
with a low-frequency dead region, with normal hearing at
medium and high frequencies. The dead region is indicated by
the shaded area. The tone level was chosen so that it was at
absolute threshold; the excitation in the frequency region just
above 1.3 kHz lies a little above the “threshold” excitation level
indicated by the horizontal dashed line.

frequency dead region, with normal hearing at
medium and high frequencies. The dead region is
indicated by the shaded area. The tone becomes aud-
ible when it produces sufficient excitation in the
region where there are functioning IHCs. In this
example, the 250-Hz tone needs to be presented at
about 60 dB to produce detectable excitation just out-
side the edge of the dead region (CFs just above 1.3
kHz).

It is not possible to determine from the audio-
gram alone whether or not a patient has a low-
frequency dead region. For example, Halpin et al.
(1994) described two patients with very similar
audiograms, both having a low-frequency hearing
loss with nearly normal mid-frequency hearing. Post-
mortem examination showed that one had no sur-
vival of the organ of Corti in the apical region, while
the other had an organ of Corti which was present
and of normal appearance. Because of the difficulty in
using the audiogram to diagnose a dead region, many
researchers have advocated the use of masking
sounds as a way of diagnosing the presence of dead
regions. This approach will be discussed in more
detail later on.

Consider now the effect of a high-frequency dead
region on the audiogram. It is often the case that
downward spread of excitation in the cochlea is very
restricted (i.e. the low-frequency side of the excitation
pattern is steep), even in ears where the hair cells are
damaged. However, there can be considerable indi-
vidual variability, and some hearing-impaired ears
show marked downward spread of excitation as well
as upward spread of excitation (Glasberg and Moore
1986). Because the excitation pattern usually has a
steep low-frequency side, a dead region at high fre-
quencies is usually associated with a severe or pro-
found hearing loss at high frequencies, and the
audiogram is often steeply sloping. This is illustrated
in figure 2, which shows excitation patterns calcu-
lated for a hypothetical ear with a 40-dB hearing loss
at low frequencies, and a dead region extending from
1 kHz upwards (indicated by the shaded area). The
patterns were calculated using the model described
by Moore and Glasberg (1997) which takes into
account the broadening of the excitation patterns that
occurs with increasing level and increasing OHC
damage (Moore 1998). Each of the curves represents
the excitation pattern for a tone with frequency fall-
ing in the dead region; the frequencies used are 1.1,
1.2, 1.3, 1.4 and 1.5 kHz. It is assumed that this tone
is detected because of the downward spread of excita-
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tion. To be detectable the excitation must fall above
the horizontal dashed line, whose position is deter-
mined by the absolute threshold for frequencies below
the dead region (the excitation is plotted here in units
related to dB SPL; a 40-dB hearing loss corresponds
to an absolute threshold of about 46 dB SPL between
0.5 and 1 kHz). The level of each tone has been chosen
so that the excitation spreading to the region with
CFs just below 1 kHz is just detectable. The solid cir-
cles represent the frequency and level at the peak of
each excitation pattern. The function traced out by
the circles is closely related to the expected absolute
threshold for such a hearing loss, specified in dB SPL.
Notice that the expected threshold changes by about
32 dB as the frequency changes from 1.1 to 1.5 kHz,
which corresponds to a relatively steep slope of 72 dB/
octave.

Whenever the audiogram has a very steep slope,
the threshold worsening rapidly with increasing fre-
quency, this should be taken as preliminary evidence
for a high-frequency dead region, and further testing
should be carried out. However, dead regions do
sometimes occur when the audiogram is not steeply
sloping (Moore, Huss, Vickers, Glasberg and

Figure 2. Excitation patterns calculated for a hypothetical ear
with a 40-dB hearing loss at low frequencies (threshold excita-
tion level indicated by the horizontal dashed line), and a dead
region extending from 1 kHz upwards (indicated by the shaded
area). Each of the curves represents the excitation pattern for a
tone with a frequency falling in the dead region; the frequen-
cies used are 1.1, 1.2, 1.3, 1.4 and 1.5 kHz. The levels of the
tones were chosen so that each was at the absolute threshold.
Solid circles indicate the levels at the peaks of the excitation
patterns.

Alcántara 2000), and moderately steep slopes can
occur in the absence of a dead region. Thus, the slope
of the audiogram cannot be taken as a reliable indica-
tor of the presence or absence of dead regions.

In adults with acquired hearing loss, losses up to
about 55 dB may be associated purely with OHC dys-
function (Schuknecht 1974). Losses greater than this
tend to be associated with both OHC and IHC dys-
function, and losses greater than 90 dB at high fre-
quencies or 75–80 dB at low frequencies are often
associated with dead regions (Moore et al. 2000;
Moore 2001). However, in people with congenital loss,
the picture is much less clear. It may often be the case
that severe or profound hearing loss is caused by
some factor other than hair cell dysfunction, for
example malformation of one or more structures
inside the cochlea (Kiernan and Steel 2000). Such
malformations may also be associated with abnormal
patterns of vibration on the basilar membrane. Thus,
in cases of congenital hearing loss, the shape of the
audiogram is an even less reliable indicator of the
presence or absence of a dead region than is the case
for adults with acquired hearing loss.

Diagnosis of Dead Regions Using
Psychophysical Tuning Curves

To measure a psychophysical tuning curve (PTC)
(Chistovich 1957; Small 1959), the signal is fixed in
frequency and in level, usually at a level just above
the absolute threshold, say, 10 dB Sensation Level
(SL). The masker can be either a sinusoid or a narrow
band of noise; often a band of noise is used to reduce
the influence of beats between the signal and masker
(Egan and Hake 1950; Moore, Alcántara and Dau
1998). For each of several masker center frequencies,
the level of the masker needed just to mask the signal
is determined. For normally hearing subjects, the tip
of the PTC (i.e. the frequency at which the masker
level is lowest) always lies close to the signal fre-
quency (Vogten 1974; Moore 1978). Put another way,
the masker is most effective when its frequency is
close to that of the signal.

When hearing-impaired listeners are tested,
PTCs have sometimes been found whose tips are
shifted well away from the signal frequency (Thorn-
ton and Abbas 1980; Florentine and Houtsma 1983;
Turner, Burns and Nelson 1983; Moore et al. 2000;
Moore and Alcántara 2001). This can happen when
the signal frequency falls in a dead region. For
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example, when there is a low-frequency dead region,
and the signal to be detected has a frequency within
the dead region, the tip of the tuning curve lies well
above the signal frequency. This is illustrated in
figure 3. The subject had a relatively flat hearing loss,
but her hearing improved slightly around 4 kHz. The
PTC was obtained using a 2-kHz signal (indicated by
the filled circle). The tip of the PTC is clearly shifted,
to a frequency of 4 kHz. This suggests that the dead
region extended up to about 4 kHz; the 2-kHz signal
was detected at the 4-kHz place on the basilar mem-
brane, and so the most effective masker frequency
was 4 kHz. When a dead region falls at high frequen-
cies, the signal is usually detected via the downward
spread of excitation, and the tip of the PTC is shifted
towards lower frequencies. An example is given in
figure 4.

PTCs provide a useful way of detecting dead
regions and defining their boundaries. When the tip
of the PTC is shifted markedly from the signal fre-
quency, then, to a first approximation, the frequency
at the tip indicates the boundary of the dead region.
However, the frequency at the tip of the PTC may not
give an accurate estimate of the boundary when the

Figure 3. A PTC obtained from a patient with an extensive
low-frequency dead region. The patient had a relatively flat
hearing loss, but her hearing improved slightly around 4 kHz.
The PTC was obtained using a 2-kHz signal (indicated by the
filled circle). The tip of the PTC is clearly shifted, to a frequency
of 4 kHz.

shift is small (less than a few hundred Hertz), as
beats between the signal and masker can influence
the shape of the tip (Moore and Alcántara 2001).

Although PTCs have been very useful in labora-
tory studies of dead regions, they are time-consuming
to measure, and the choice of an appropriate signal
frequency and level can be difficult. Thus, they are
not really suitable for use as a diagnostic tool in
clinical practice. I describe next a simpler method
of diagnosing dead regions, based on the use of a
broadband noise masker.

The TEN Test

The TEN test is based upon the detection of
sinusoids in the presence of a broadband noise,
designed to produce almost equal masked thresholds
(in dB SPL) over a wide frequency range, for normally
hearing listeners. This noise is called threshold equal-
izing noise (TEN) (Moore et al. 2000). The noise level
is specified in terms of the Sound Pressure Level in a
132-Hz wide band centred at 1000 Hz; this is also
called the level per ERB, since the equivalent rect-
angular bandwidth of the normal auditory filter is
132 Hz for a center frequency of 1000 Hz. When the

Figure 4. A PTC obtained from a subject with a high-
frequency dead region. The PTC was obtained using a 1.5-kHz
signal (indicated by the filled circle). The tip of the PTC is
shifted towards lower frequencies.
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noise level is specified in this way, the “normal”
masked threshold for any frequency within the range
250 to 10000 Hz is very close to the nominal noise
level. For example, a nominal noise level of 70 dB/
ERB should give a “normal” masked threshold of 70
dB SPL (Moore et al. 2000).

For listeners with moderate to severe cochlear
hearing loss, but without a dead region at the signal
frequency, masked thresholds in broadband noise are
usually only 2–3 dB higher than for normally hearing
listeners (Glasberg and Moore 1986; Tyler 1986). The
same is true for the noise used in the TEN test (Moore
et al. 2000). However, when a dead region is present,
the masked threshold for a tone falling within the
dead region can be markedly higher than normal.
Such a tone will be detected using neurones with CFs
remote from the signal frequency (hereafter called
“off-frequency listening”). The amplitude of basilar-
membrane vibration at the remote place will gener-
ally be less than the amplitude in the dead region.
Therefore, a broadband noise will mask the tone
much more effectively than would normally be the
case, as the noise only has to mask the reduced
response at the remote place.

An illustration of this rationale for a hypothetical
patient with a high-frequency dead region is given in
figure 5. Consider first the top panel. It is assumed
that the dead region starts at about 1.07 kHz (indi-
cated by the shaded area), and that the excitation
level required to reach absolute threshold for fre-
quencies below 1.07 kHz is 40 dB (indicated by the
horizontal long-dashed line). The solid curve shows
the excitation pattern for a tone with a frequency of
1.5 kHz, which falls within the dead region. The level
of the tone has been chosen so that the excitation
immediately adjacent to the dead region just reaches
the threshold value. In other words the 1.5-kHz tone
is at the level required to reach absolute threshold.
This level is about 67 dB. Consider now the bottom
panel. This shows the effect of adding a broadband
noise which produces an equal excitation level of 70
dB at all frequencies (the TEN does not quite do this,
but a constant excitation level is shown here for sim-
plicity). The 1.5-kHz tone at 67 dB would be com-
pletely masked by this noise, as the noise would
“swamp” the previously audible excitation at CFs just
below 1.07 kHz. To restore audibility of the tone in the
noise, its level has to be increased to the point where
the tone-evoked excitation at CFs just below 1.07 kHz
just exceeds 70 dB. The solid curve shows the excita-
tion pattern for a tone level of 97 dB, which is the level

required to achieve this. Thus, the masked threshold
of the tone is 30 dB higher than the absolute thresh-
old, and the masked threshold is 27 dB higher than
the “normal” masked threshold, which would be
around 70 dB.

To assess the validity of the TEN test, Moore et al.
(2000) measured PTCs using the same hearing-
impaired listeners as tested with the TEN. The spe-
cific hypothesis tested was that higher-than-normal
thresholds in the TEN would be associated with PTCs
with shifted tips. Results for a hearing-impaired per-
son who does not appear to have a dead region are
shown in figure 6. The lower panel shows results
obtained with the TEN, except that filled squares
indicate absolute thresholds (obtained using the same

Figure 5. Illustration of the rationale behind the test using
TEN for a hypothetical patient with a dead region above 1.07
kHz.
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audiometer and earphones as employed for measur-
ing thresholds in the TEN, and specified in dB SPL).
This person has near-normal hearing for frequencies
up to 1000 Hz, but a moderate loss at higher frequen-
cies. Over the frequency range where the TEN pro-
duces masking, the masked thresholds are only
slightly higher than normal, being around 75 dB for
the TEN level of 70 dB/ERB.

Figure 6. Results for a hearing-impaired person who does not
have a dead region. The lower panel shows results obtained
with the TEN, except that filled squares indicate absolute
thresholds. The upper panel shows PTCs determined for five
signal frequencies. In each case, the signal level and frequency
are indicated by a filled symbol. The corresponding PTCs are
indicated by open symbols of the same shape.

The upper panel of figure 6 shows PTCs deter-
mined for five signal frequencies. In each case, the
signal level and frequency are indicated by a filled
symbol. The corresponding PTC is indicated by an
open symbol of the same shape. For each PTC, the tip
is close to the signal frequency. The PTCs are consist-
ent with the results using the TEN, indicating that
each signal was detected via IHCs/neurones with CFs
close to the signal frequency.

Figure 7 shows an example of results for a
hearing-impaired person who probably does have a
dead region. This person has near-normal hearing for
frequencies up to 1000 Hz, but a severe-to-profound
loss at higher frequencies. In this figure, the symbols
with up-pointing arrows indicate cases where the
threshold was too high to be measured; the highest
measurable threshold was 120 dB SPL. The specific
symbol used with the arrow indicates the lowest TEN
level for which a threshold could not be measured. For
example, for a signal frequency of 3000 Hz, a masked
threshold could be measured for the TEN level of 30
dB/ERB, but not for levels of 50 and 70 dB/ERB, so
the symbol associated with the arrow at 3000 Hz is a
diamond, the symbol for 50 dB/ERB. A filled square
with an arrow indicates that the absolute threshold
was too high to be measured.

For signal frequencies of 1500 Hz and above,
masked thresholds in the 70 dB/ERB noise were 10
dB or more higher than the mean normal value. For
signal frequencies from 3000 to 5000 Hz, the masked
thresholds in the 30 dB/ERB noise were elevated
above the absolute thresholds and were at 120 dB
SPL, i.e. 90 dB higher than for normal-hearing sub-
jects! This strongly suggests that tones with frequen-
cies of 1500 Hz and above were being detected via
IHCs/neurones with CFs below 1500 Hz.

The PTC for this subject for a signal frequency of
500 Hz has a tip at 500 Hz. However, the PTCs for
signal frequencies of 1200 and 1500 Hz are shifted
downwards to about 1000–1200 Hz. This suggests
that the dead region starts at 1000–1200 Hz, and
extends upwards from there, which is consistent with
the finding that thresholds in the TEN were near
normal for frequencies up to 1000 Hz, but were higher
than normal for frequencies of 1500 Hz and above.

In total, Moore et al. (2000) tested 20 ears of 14
subjects with sensorineural hearing loss. Generally,
there was a very good correspondence between the
results obtained using the TEN and the PTCs; if, for a
given signal frequency, the masked threshold in the
TEN was 10 dB or more higher than normal and the

158 a A Sound Foundation Through Early Amplification



TEN produced at least 10-dB of masking (i.e. the
masked threshold was 10 dB or more above the abso-
lute threshold), then the tip of the PTC determined
using that signal frequency was shifted. If the
masked threshold in the TEN was not 10 dB or more
higher than normal, the tip of the PTC was not

Figure 7. Results for a person with a dead region at high
frequencies. Otherwise, as figure 6. Symbols with up-pointing
arrows indicate cases where the threshold was too high to be
measured; the highest measurable threshold (determined by
equipment limitations) was 120 dB SPL. The specific symbol
used with the arrow indicates the lowest TEN level for which a
threshold could not be measured.

shifted. Hence, the following “rule” was formulated: If
the threshold in the TEN is 10 dB or more above the
TEN level/ERB, and the TEN produces at least 10 dB
of masking, this is indicative of a dead region at the
signal frequency. However, some exceptions to this
rule, and some limitations of the TEN test should be
noted:

(1) For some hearing-impaired subjects, the absolute
thresholds at high frequencies may be so high
that they cannot be measured. In such cases it is
not possible to determine whether the TEN pro-
duces masking at these frequencies. In all prob-
ability, such extreme losses are associated with
dead regions, although it is difficult to demon-
strate this directly. However, the thresholds in
the TEN for frequencies where the hearing loss is
not so extreme can be used to determine whether
there is a dead region corresponding to these
lower frequencies and, if so, to estimate the fre-
quency at which the dead region starts.

(2) Sometimes, when the absolute threshold is high
but still measurable, a dead region may be pres-
ent (as indicated by a PTC with a shifted tip), but
the TEN may not be sufficiently intense to pro-
duce 10 dB or more of masking. In some cases it
may be impossible to make the TEN sufficiently
intense, either because of limitations in the
equipment, or because the TEN becomes
uncomfortably loud. For most patients with mod-
erate to severe hearing loss, a level of 70 dB/ERB
is sufficient, but it may sometimes be necessary to
use a TEN level of 80 or even 90 dB/ERB.

(3) When the signal frequency falls just inside a dead
region, the threshold in the TEN may be less than
10 dB higher than the TEN level per ERB.

(4) Some subjects show higher than normal thresh-
olds at all frequencies. This may indicate that
they are “inefficient” or “cautious” listeners (Pat-
terson and Moore 1986); they may need to hear
the tone very clearly before indicating that they
detect it at all. Alternatively, the high thresholds
may be indicative of a problem in the central
auditory system (Langenbeck 1965) or a dysfunc-
tion in the cochlea or auditory nerve linked to
factors other than OHC or IHC damage. Such
cases need to be treated with caution. A signal
threshold that is 10 dB or more higher than nor-
mal may not indicate a dead region. A reasonable
policy in cases where thresholds using the TEN
are in the range 5–10 dB higher than normal,
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even at frequencies where the hearing loss is mild
or moderate, is to adopt a more stringent criterion
for diagnosis of a dead region, for example, requir-
ing thresholds in the TEN to be 15 dB or more
higher than normal.

Application of the TEN Test in Cases
of Congenital Hearing Loss

Recently, Munro, Killen and Moore (in press) used
the TEN test with 31 teenagers, mostly having severe
to profound hearing loss. Their average age was 14
years. The hearing loss was classified as congenital in
22 subjects, acquired in 5 subjects and unknown in 4
subjects. Test signals were derived from a CD (avail-
able from Starkey: contact details can be found at
http://hearing.psychol.cam.ac.uk/), routed through a
Grason-Stadler GSI16 audiometer, and presented via
Sennheiser HD580 earphones. The TEN was typic-
ally presented at a level of 80–90 dB/ERB as this was
sufficient to be audible without causing discomfort.
Over 60% of the subjects met the criteria described
above, apparently indicating a dead region in at least
one ear. All five of the subjects with acquired hearing
loss met the criteria. More than 50% of the subjects
with congenital hearing loss met the criteria.

Although these results seem to indicate a high
prevalence of dead regions in teenagers with acquired
or congenital hearing loss, there are several problems
associated with the administration and interpret-
ation of the test. Firstly, there were many cases
where the results were inconclusive, as the TEN level
was not sufficient to raise masked threshold 10 dB or
more above absolute threshold. Secondly, there were
many cases where the criteria were only just met. For
example, the masked threshold was often just 10 dB
higher than the level per ERB of the TEN. This
criterion was chosen partly on the basis of results
obtained from subjects with moderate to severe hear-
ing loss who did not have dead regions, as indicated
by PTCs without shifted tips (Moore et al. 2000). For
these subjects, the masked threshold was usually
within 10 dB of the level per ERB of the TEN. How-
ever, when dealing with subjects with profound hear-
ing loss, it may be appropriate to use a more stringent
criterion. The auditory filters of subjects with pro-
found hearing loss may be very broad (Faulkner,
Rosen and Moore 1990), and this may lead to
unusually high masked thresholds even for frequen-
cies where there is no dead region.

Part of the difficulty in using the TEN test in
cases of profound hearing loss stems from the fact
that the noise stimulus was designed to be suitable as
a masker for a very wide range of signal frequencies,
from about 250 Hz up to 10 kHz (Moore et al. 2000).
The use of a single masker for all signal frequencies
was intended to simplify the administration and
interpretation of the test (Moore 2001). However, the
use of a broadband masker has the drawback that the
overall level is considerably higher than the level per
ERB, and it is the overall level that limits the max-
imum possible presentation level. To identify dead
regions in subjects with severe to profound hearing
loss, it may be more appropriate to use a narrowband
masker, as is done in the determination of PTCs.
However, the limited dynamic range available may
make it difficult to obtain meaningful results, even
when measuring PTCs.

Effects of Dead Regions on Speech
Intelligibility

Several studies have shown that only limited
information can be extracted from frequency com-
ponents of speech falling in a dead region. Hence, it is
to be expected that speech intelligibility will be rela-
tively poor (even for amplified speech) when extensive
dead regions are present within the frequency range
that is most important for speech intelligibility (about
500 to 5000 Hz; see ANSI 1969; ANSI 1997). In what
follows, I will focus on two studies of speech intelligi-
bility conducted in my laboratory, in which high-
frequency dead regions were identified using both
PTCs and the TEN test. Both studies were conducted
using adult subjects, mostly with acquired hearing
loss. For a more extensive review, see Moore (2001).

In the first study (Vickers et al. 2001), all subjects
had high-frequency hearing loss, but some had high-
frequency dead regions and some did not; generally,
the subjects with dead regions had more severe high-
frequency hearing losses than those without dead
regions. The speech stimuli were vowel-consonant-
vowel (VCV) nonsense syllables, presented in quiet,
using one of three vowels (/i/, /a/ and /u/) and 21 differ-
ent consonants. In a baseline condition, subjects were
tested using broadband stimuli (upper frequency
limit 7500 Hz) with a nominal input level of 65 dB
SPL. Prior to presentation via Sennheiser HD580
earphones, the stimuli were subjected to the fre-
quency-gain characteristic prescribed by the
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“Cambridge” formula (Moore and Glasberg 1998).
This formula is intended to give speech at 65 dB SPL
the same overall loudness as for a normal listener,
and to make the average specific loudness (the loud-
ness per ERB or per critical band; see Moore and
Glasberg 1997) of the speech the same for all frequen-
cies over the range important for speech intelligibil-
ity, i.e. about 500 to 5000 Hz. Of course, this is only
possible for a listener without a dead region in that
frequency range. For a listener with a dead region,
the specific loudness is zero for all critical bands fall-
ing within the dead region. In any case, the goal of the
frequency-dependent amplification was to restore
audibility as far as possible, while avoiding excessive
loudness. The appropriate amplification was calcu-
lated and applied separately for each ear of each sub-
ject. The stimuli for all other conditions were initially
subjected to this same frequency-gain characteristic.
Then, the speech was lowpass filtered with various
cutoff frequencies.

All subjects were given practice to familiarize
them with the task. At least two lists of 63 tokens
were used for each condition. These were always pre-
sented in different test sessions. The order of testing
of the different cutoff frequencies was randomized in
the first test session. This order was reversed for the
second session to balance the effects of practice and
fatigue. For subjects without dead regions, perform-
ance generally improved progressively with increas-
ing cutoff frequency. An example is shown in the
upper panel of figure 8. This indicates that they were
able to make use of high-frequency information. For
subjects with dead regions, two patterns of perform-
ance were observed. For some subjects, performance
initially improved with increasing cutoff frequency
and then reached an asymptote (figure 8, middle).
This indicates that they were not able to make use of
high-frequency information. For other subjects, per-
formance initially improved with increasing cutoff
frequency, and then worsened with further increases
(figure 8, bottom). This indicates that amplification
of high frequencies impaired performance.

To give an overall impression of the pattern of
results for the subjects having dead regions with edge
frequencies below 2000 Hz, the cutoff frequencies
used for each ear of each subject were expressed rela-
tive to the estimated edge frequency of the dead
region for that ear and subject. The data for each ear
(percent correct versus relative frequency) were fitted
with a cubic-spline function. The cubic-spline func-
tions were then averaged across ears. The result is

shown in figure 9 (solid curve). For comparison, a
similar analysis was applied to the results for the sub-
jects without dead regions; these results are plotted in
figure 9 as a function of absolute (not relative) fre-
quency in kHz (dashed curve). The two frequency
scales are roughly comparable, as a relative fre-
quency of 1 corresponds, on average, to a frequency a
little below 1 kHz; the geometric mean of the esti-
mated edge frequencies of the dead regions was 942
Hz.

For the subjects with dead regions, the fitted
function increases with increasing relative frequency
up to about 1.7, and then flattens off. This indicates

Figure 8. Percent correct scores in identifying VCV syllables
for three hearing-impaired subjects, one without (top) and two
with (middle, bottom) a dead region. Scores are plotted as a
function of the cutoff frequency of a lowpass filter. Prior to
lowpass filtering, stimuli were given the frequency-gain char-
acteristic prescribed by the “Cambridge” formula (Moore and
Glasberg 1998). Error bars indicate ± one standard deviation
across test sessions.
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that there is typically some benefit to intelligibility of
amplifying frequencies up to about 70% above the
estimated edge frequency of the dead region. For the
subjects without dead regions, the fitted function
increases progressively with increasing cutoff fre-
quency, indicating that broadband amplification
gives the best performance.

It is noteworthy that, for subjects who showed an
“optimum” cutoff frequency, the best performance
was achieved when that cutoff frequency was 50–
100% above the estimated edge frequency of the dead
region. For subjects whose performance reached an
asymptote, the asymptote was reached for a cutoff
frequency about 70% above the estimated edge fre-
quency of the dead region. To assess the extent to
which the subjects with dead regions were able to
make use of information from frequencies just above
the estimated edge frequency of the dead region,
scores were compared for the lowpass filter cutoff fre-
quency closest to the estimated edge frequency, and
for the cutoff frequency closest to 1.7 times the esti-
mated edge frequency. This analysis included all
twelve ears with dead regions. The mean scores for
these two conditions, 50.6 and 55.9%, respectively,
differed significantly (p < 0.001). Thus, there was a
significant benefit from amplifying frequencies up to
70% above the estimated edge frequencies of the dead
regions.

Figure 9. Mean cubic-spline functions fitted to the data (per-
cent correct identification of VCVs in quiet) for subjects with-
out dead regions (dashed curve) and with dead regions starting
below 2000 Hz (solid curve). For the group without dead
regions, the percent correct is plotted as a function of filter
cutoff frequency in kHz. For the group with dead regions, fre-
quency is expressed relative to the estimated edge frequency of
the dead region.

In the second study (Baer et al. in press), the
design was similar, but stimuli were presented in a
speech-shaped background noise. Ten subjects were
used, five with high-frequency dead regions extend-
ing below 2 kHz and five with high-frequency hearing
loss without dead regions. The noise level was chosen
individually for each subject to reduce intelligibility
by about 15% when the cutoff frequency was about
1.7 times the estimated edge frequency of the dead
region (or the edge of the high-frequency loss for sub-
jects without dead regions). The pattern of results
was similar to that found for speech in quiet. For all
subjects, performance was worst for the lowest cutoff
frequencies. For subjects without dead regions, per-
formance generally improved progressively with
increasing cutoff frequency. For most subjects with
dead regions, performance improved with increasing
cutoff frequency until the cutoff frequency was 1.5 to
2 times the edge frequency of the dead region, but
hardly changed with further increases. For a few sub-
jects with dead regions, performance improved with
increasing cutoff frequency and then worsened
somewhat with further increases. Cubic-spline fits to
the data were calculated in the same way as before.
The results are shown in figure 10. The cubic-spline
fits confirm that subjects with dead regions fail to
benefit from amplification of components more than
about 70% above the edge frequency of the dead
region, while subjects without dead regions do benefit
from amplification of high frequencies.

The fact that there is some benefit from restoring
the audibility of frequency components falling a little

Figure 10. As figure 9, but for VCVs presented in a back-
ground of speech-shaped noise. 
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inside a dead region suggests that useful information
can be extracted from speech even when some of that
information is transmitted via the “wrong” place in
the cochlea (Moore 2001; Shannon, Zeng and Wygon-
ski 1998).

Implications for the Fitting of
Hearing Aids

The studies described above suggest that, for
adults with high-frequency dead regions, there is
little or no benefit to speech discrimination from amp-
lifying frequencies well inside a dead region but there
may be some benefit in amplifying frequencies up to
50–100% above the estimated edge frequency of the
dead region. For patients without high-frequency
dead regions, amplification of the high frequencies
can be (and usually is) beneficial (Skinner and Miller
1983; Vickers et al. 2001; Baer et al. in press). Hence,
before deciding what form of amplification should be
provided for a patient with high-frequency hearing
loss, it is important to determine whether that
patient has a high-frequency dead region, and, if so,
what its extent is. The TEN test seems appropriate
for this purpose for adults with moderate to severe
hearing loss. However, more work is needed to deter-
mine the applicability and validity of the TEN test for
patients with severe to profound hearing loss. For
such cases, other methods may be needed.

Appropriate diagnosis may be particularly
important, but also particularly difficult in children.
Psychoacoustic measurements with children tend to
be more variable than those with adults, and masked
detection thresholds are often higher than in adults
(Hall and Grose 1990; Veloso, Hall, and Grose 1990;
Hall and Grose 1991; Buss, Hall, Grose and Dev
1999). Therefore, application of tests like the TEN
test is more difficult, and the criteria required for
positive diagnosis of a dead region may need to be
altered. Possibly, electrophysiological methods can
be developed for the diagnosis of dead regions in
children.

Assuming that a dead region has been diagnosed
at high frequencies, there may be several benefits of
reducing the gain for frequencies well inside the dead
region. Firstly, this may actually lead to improved
speech intelligibility, as described above. Secondly, it
may reduce problems associated with acoustic feed-
back. Thirdly, it may reduce distortion in the hearing
aid, especially intermodulation distortion. Finally, it

allows the dispenser to concentrate efforts on provid-
ing appropriate amplification over the frequency
range where there is useful residual hearing.

Many modern hearing aids incorporate some
form of automatic gain control or compression, and
there is increasing evidence that compression is
beneficial, both in adults (Laurence, Moore and
Glasberg 1983; Moore, Johnson, Clark and Plu-
vinage 1992; Moore 1993; Hickson 1994; Dillon 1996;
Moore 1998) and in children (Stelmachowicz, Kopun,
Mace, Lewis and Nittrouer 1995; Jenstad, Seewald,
Cornelisse and Shantz 1999). Methods for the initial
fitting of multi-channel compression hearing aids
have been developed by several research groups.
Some of these methods, for example the “Camfit”
methods developed in my laboratory (Moore, Glas-
berg and Stone 1999; Moore 2000; Moore, Alcántara
and Marriage 2001), are based on a loudness model
(Moore and Glasberg 1997), and have the default
assumption that no dead region exists. Before using
such methods, a test for the diagnosis of dead regions
should be applied (such as the TEN test) whenever
the audiogram indicates the possibility of a dead
region. When a dead region is diagnosed, the gains
recommended by the fitting method should be applied
only for frequencies where there is not a dead region,
and perhaps for frequencies extending 50–100%
inside any dead region.

Another method for the fitting of hearing aids,
the NAL-NL1 method (Dillon 1999), is partly based
on the same loudness model, but is also based on
empirical data on the effects of amplification of speech
for hearing-impaired listeners with varying degrees
of hearing loss (Ching, Dillon and Byrne 1998; Hogan
and Turner 1998; Souza and Turner 1999; Turner and
Cummings 1999). These data show that, on average,
people with high-frequency hearing loss get progres-
sively less benefit from amplification of the high fre-
quencies as the hearing loss increases. This is taken
into account in the fitting method, by reducing the
high-frequency gain progressively below the value
needed to restore audibility as the hearing loss
increases.

In my view, this approach, based on data aver-
aged across listeners, is inappropriate, since some of
the listeners probably had dead regions and some did
not. For listeners without dead regions, amplification
of the high frequencies so as to restore audibility usu-
ally leads to improved intelligibility. For listeners
with dead regions at high frequencies, amplification
of frequencies well inside the dead region is unlikely
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to be beneficial. Gains based on averaging data across
these two classes of listeners are likely to be
inappropriate for both classes.

Conclusions

Dead regions are regions of the cochlea where
there are no functioning inner hair cells and/or neur-
ones. High-frequency dead regions appear to be rela-
tively common in adults with acquired hearing loss,
when the hearing loss at high frequencies exceeds
about 65–70 dB. However, the audiogram does not
give a reliable indication of the presence or absence of
a dead region. Dead regions can be diagnosed by
measurement of PTCs or using the TEN test. How-
ever, these tests are difficult to apply in cases of
severe to profound loss, and their applicability in
children with congenital loss remains to be estab-
lished. Results for adult listeners indicate that there
is no benefit for the intelligibility of speech in quiet or
in noise of amplifying frequencies well inside a high-
frequency dead region. However, there often is benefit
from amplifying frequencies up to about 1.7 times the
estimated edge frequency of the dead region. The
optimal amplification strategies for children with
high-frequency dead regions remain to be
established.
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