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Objectives: Difficulty in understanding speech in background noise is fre-
quently reported by hearing-impaired people despite well-fitted amplifica-
tion. Understanding speech in the presence of background noise involves
segregating the various auditory stimuli into distinct streams using cues
such as pitch characteristics, spatial location of speakers, and contextual
information. One possible cause of listening difficulties in noise is reduced
spatial-processing ability. Previous attempts to investigate spatial process-
ing in hearing-impaired people have often been confounded by inadequate
stimulus audibility. The present research aimed to investigate the effects
of hearing impairment and aging on spatial-processing ability. The effect
of cognitive ability on spatial processing was also explored. In addition, the
relationship between spatial-processing ability and self-report measures
of listening difficulty was examined to investigate how much effect spatial-
processing ability has in real-world situations.

Design: Eighty participants aged between 7 and 89 years took part in
the study. Participants’ hearing thresholds ranged from within normal
limits to a moderately severe sensorineural hearing loss. All participants
had English as their first language and no reported learning disabilities.
The study sample included both hearing aid users and non-hearing aid
users. Spatial-processing ability was assessed with a modified version of
the Listening in Spatialized Noise-Sentences test (LiSN-S). The LiSN-S
was modified to incorporate a prescribed gain amplifier that amplified
the target and distracting stimulus according to the National Acoustic
Laboratories-Revised Profound (NAL-RP) prescription. In addition,
participants aged 18 years and above completed the Neurobehavioral
Cognitive Status examination and the Speech, Spatial and Qualities
questionnaire. Participants aged under 18 years completed the Listening
Inventory for Education questionnaire.

Results: Spatial-processing ability, as measured by the spatial advan-
tage measure of the LiSN-S, was negatively affected by hearing impair-
ment. Aging was not significantly correlated with spatial-processing
ability. No significant relationship was found between cognitive ability
and spatial processing. Self-reported listening difficulty in children, as
measured with the Listening Inventory for Education, and spatial-pro-
cessing ability were not correlated. Self-reported listening difficulty in
adults, as measured by the Speech, Spatial and Qualities questionnaire,
was significantly correlated with spatial-processing ability.

Conclusions: All hearing-impaired people will have a spatial process-
ing deficit of some degree. This should be given due consideration when
counseling patients in regard to realistic expectations of how they will
perform in background noise. Further research is required into potential
remediation for spatial-processing deficits and the cause of these deficits.

(Ear & Hearing 2013;34:15-28)

INTRODUCTION

The process of understanding speech in simultaneous back-
ground noise involves separating the acoustic information into
discrete streams. This process is referred to as auditory stream
segregation (Bregman 1990). This can be done based on many
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different elements including the location of the sound source,
intensity differences, spectral differences or contextual infor-
mation (Alain 2007). Cameron and Dillon (2008) have shown
that spatial-processing disorder, defined by the authors as a
reduced ability to segregate streams based on their location in
space, is a major reason why some children with apparently nor-
mal hearing nonetheless have difficulty understanding speech
in noise. Investigation of the prevalence of spatial-processing
disorder in hearing-impaired people is therefore warranted to
establish whether reduced spatial-processing ability contributes
to the difficulty understanding speech in noise that is commonly
reported by hearing-impaired people, even after audibility has
been restored with hearing aids.

The ability to selectively attend to sounds arising from one
direction in space, although simultaneously suppressing sounds
arising from another, is in part reliant on the detection and
interpretation of small differences in the intensity and timing
of the signals between the ears. When a sound originates from
any point in space, other than one at 0-degree or 180-degree
azimuth, it will arrive at one ear earlier than it reaches the other,
creating interaural time differences (ITDs) (Bamiou 2007). Inte-
raural intensity differences (IIDs), which are caused by the head
shadow effect, also assist listeners in localizing sounds in space
(Bamiou 2007). These interaural differences are interpreted in
the central auditory nervous system, but for this interpretation
to take place the differences have to be faithfully relayed by the
peripheral auditory system. It can be hypothesized that the pres-
ence of a sensorineural hearing loss can degrade the signal that
reaches the central auditory nervous system.

A number of researchers have previously investigated
spatial-processing ability in hearing-impaired people, with
mixed and widely variable results (see Glyde et al. 2011 for
review). Many studies have reported that spatial-processing
abilities seem to be reduced for hearing-impaired people when
compared with normally hearing individuals (Gelfand et al.
1988; Dubno et al. 2002; Arbogast et al. 2005; Ching et al.
2011). However, attempts to unravel whether reduced spatial-
processing ability is a cause of poor speech understanding in
complex listening environments have often been hampered by a
range of factors. For example, some researchers have chosen to
limit investigations to the elderly population, in which hearing
impairment and problems of hearing in noise are most common.
By choosing an older subset of hearing-impaired people factors
that occur with aging, regardless of peripheral hearing ability,
such as declining cognition, must also be considered as possible
contributors to difficulty in understanding speech in noise.

Despite the added complexity of assessing spatial process-
ing in an aging population, the effect of age on spatial process-
ing merits exploration. As Divenyi et al. (2005), among others,
point out, aging leads to greater degradation of speech under-
standing in background noise. If worsening spatial-processing
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ability is contributing to the reported deterioration, then cli-
nicians and researchers alike should take spatial-processing
ability into account when assessing and managing patients.
A research design that incorporates hearing-impaired people
across a large age range will allow for the effect of aging to be
differentiated from the effect of hearing loss. Such a design is
preferable in several respects to one in which a group of “young
adults” is compared with a group of “older adults.” First, age-
related changes may be gradual and could exist within each age
category. Second, arbitrary decisions about what constitutes an
older adult, which does not necessarily reflect the beginning of
age-related deterioration, are avoided. Third, if older adults with
normal hearing can be found, these individuals are not typical
representations of older adults in general and their results can-
not be generalized to others. It is possible that the same fac-
tors that enabled these individuals to have better hearing than is
normal for their age might have caused them to also have better
neural processing within the auditory system than is normal for
their age.

Another factor that could explain inconsistencies in reported
spatial-processing skills may be the various methods research-
ers have used to ensure stimuli audibility. If adequate audibil-
ity of the test stimuli is not achieved participants may not have
access to the ITDs and IIDs that are used in spatial process-
ing. One method of achieving audibility, increasing the overall
intensity of the test stimuli for the hearing-impaired partici-
pants relative to the normal-hearing participants, has been used
widely in studies of spatial processing (Warren et al. 1978;
Divenyi and Haupt 1997; Arbogast et al. 2005; Murphy et al.
2006). For example, Gelfand et al. (1988) employed this method
of achieving audibility and found that presbycusic older adults
gained significantly less benefit from access to spatial cues than
age-matched normal hearers (5 dB advantage for normal-hear-
ing group, 3.5 dB for presbycusic group). Although this result
provides support for the theory that spatial processing is defi-
cient in hearing-impaired people it is possible that, given no
frequency-specific adjustment was made to the stimuli to ensure
that the high-frequency components of the speech were equally
audible for the presbycusic group, they did not have the same
opportunity to make use of IIDs (which are dominant in the
high frequencies). An alternative method for achieving audibil-
ity across all frequencies was used by Ahlstrom et al. (2009) and
Marrone et al. (2008). Participants’ spatial-processing ability
was assessed although they were wearing bilateral hearing aids
fitted to within 5 dB of National Acoustic Laboratories-Nonlin-
ear 1 (NAL-NL1) prescription targets. This approach increased
the likelihood that participants had access to all the frequencies
across the speech spectrum. Using this approach Ahlstrom et
al. demonstrated that hearing-impaired older adults could gain
more than 4 dB benefit from access to spatial cues.

It is interesting that Marrone et al. (2008) found that there
was no significant difference in the amount of benefit in dB
gained from access to spatial cues when frequency-dependent
amplification using hearing aids was applied versus increasing
the overall level of the stimulus. The authors suggested that the
recorded lack of difference in benefit between amplification
methods may be a result of the fact that testing with hearing
aids in situ can alter ITD information and subsequently may not
provide an ideal solution to the problem of how best to ensure
audibility while testing spatial-processing ability.

Given the inherent limitations (inadequate high-frequency
amplification or loss of ITD) in both methods used for ensur-
ing audibility when measuring spatial-processing ability in
hearing-impaired people, it is plausible that the differences
observed in spatial-processing ability between normal-hearing
control groups and hearing-impaired groups could be partially
explained by inadequate access to IIDs or distorted ITDs.
To control for these confounding factors a third method of
achieving adequate audibility was used for the present study.
Frequency-dependent amplification, based on the NAL-RP pre-
scription (Byrne et al. 1990) specified for each participant, was
directly applied to the prerecorded target stimuli and maskers
before presentation.

The Listening in Spatialized Noise-Sentences test (LiSN-S)
was specifically developed using head-related transfer functions
to assess spatial processing ability under headphones (Cameron
& Dillon 2007). The LiSN-S uses an adaptive sentence repeti-
tion task to establish the speech-reception threshold (SRT) of
the listener in four different conditions that vary according to
whether spatial, pitch, or both spatial and pitch cues are pro-
vided (Cameron & Dillon 2007). Target sentences are perceived
as coming from directly in front of the listener (0-degree azi-
muth). Simultaneously presented distracter speech (looped chil-
dren’s stories) varies according to either their perceived spatial
location (0-degree versus and £90-degree azimuth), the vocal
identity of the speaker/s of the stories (same as, or different to,
the speaker of the target sentences), or both. This test configura-
tion results in four listening conditions: same voice at 0 degree
(or low-cue SRT); same voice at 90 degrees; different voices at
0 degree; and different voices at +90 degrees (or high-cue SRT).

Performance on the LISN-S is summarized by the low- and
high-cue SRT and on three “advantage” measures. These advan-
tage measures represent the benefit in dB gained when either
talker (pitch), spatial (location), or both talker and spatial cues
are incorporated in the maskers, compared with the baseline
(low-cue SRT) condition in which neither of these cues are
present in the maskers (Fig. 1). The use of relative measures of
performance (i.e., difference scores) minimizes the influence of
higher-order language, learning, and communication skills on
test performance. This allows for clearer evaluation of a par-
ticipant’s ability to use spatial cues to aid speech understand-
ing (Cameron et al. 2009). This configuration allows the user
to isolate how much benefit is gained specifically from access
to spatial cues and makes it ideal for use in this investigation.
The high-cue SRT provides the most realistic listening condi-
tions whereas the low-cue SRT, though unrealistic, serves as a
baseline score to which performance in the other conditions can
be compared.

Aims

The major aim of the present research was to investigate the
effect of hearing impairment and aging on processing of speech
in spatially collocated and spatially separated competing signals.
Sensorineural hearing loss has been linked to a reduction in
the number of afferent fibers from the inner hair cells of the
cochlea, leading to less-accurate temporal resolution (Schmiedt
2010). Gates and Mills (2005) explain that this reduction can
lead to poorly synchronized activity in the auditory nerve.
Given that spatial processing relies, at least in part, on ITD cues,
it is hypothesized that hearing impairment should directly cause
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Fig. 1. The Listening in Spatialized Noise-Sentences test SRT and advantage
measures. SRT, speech-reception threshold.

reduced spatial-processing abilities. Also, given that previous
research with normal-hearing participants aged up to 60 years
failed to show any decline in spatial-processing ability with age
(Cameron et al. 2011), it is reasonable to hypothesize that age
should not affect spatial-processing ability in hearing-impaired
adults at least until 60 years of age.

Secondary aims were to (1) explore the effect of cognition
on spatial-processing ability and (2) to examine the relationship
between spatial-processing ability and self-report measures of
listening difficulty.

PARTICIPANTS AND METHODS

Ethical clearance to conduct this research study was obtained
from the Australian Hearing Ethics Committee and the Uni-
versity of Queensland Behavioral and Social Sciences Ethical
Review Committee.

Participants

Eighty participants between 7 and 89 years of age were tested
in a sound-attenuated booth at the National Acoustic Laborato-
ries in Sydney or at the University of Queensland Audiology
Clinic. Participants had a range of audiometric thresholds, from
completely within normal limits between 250 Hz to 8000 Hz, to
moderately severe in degree in the worse ear. The distribution
of hearing thresholds across age is shown in Figure 2. Of the
sample of 80, 35 participants reported that they were regular
hearing aid users. The participants spoke English as their first
language and reported no history of learning or attention disor-
ders. A summary of participant details is provided in Table 1.

A wide range of recruitment methods was used in an effort
to obtain a diverse sample of the hearing-impaired commu-
nity. Participants were recruited from the National Acoustic
Laboratories participant database, from family and friends of
National Acoustic Laboratories staff, via flyers placed on hear-
ing support-group web sites, and from local audiology clinics.
Participants were excluded from the study if an air—bone gap
of more than 10 dB was measured at one or more frequencies
on a pure-tone audiogram, as conductive or mixed hearing loss
may have different effects on the binaural cues used in spatial
processing. Participants were also required to have type A tym-
panograms bilaterally.
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Fig. 2. Distribution of hearing thresholds by age (n = 80). 4FAHL, four-
frequency average hearing loss.

Materials

A number of tests and self-report measures were used in the
study. To ensure that the materials were appropriate for use with
a hearing-impaired population and would allow the research
aims to be achieved some modifications to materials were
required. Test materials were:

1. The LiSN-S (Cameron & Dillon 2009). The LiSN-S tar-
get stimuli comprised short sentences (average five words
in length) designed to be understandable to children from
4 years of age. The two competing discourse signals were
children’s stories that repeated continuously during the
test. Further details of the LiSN-S software are provided
in Cameron and Dillon (2007). Instructions for the LiSN-
S were given in accordance with those recommended in
Cameron and Dillon. The target sentences and competing
stories were presented simultaneously to both ears. The
participants were required to repeat as many words from
the target sentences as possible. The beginning of each
sentence was signaled by the presentation of a brief 1000
Hz tone. Each participant completed all four conditions
of the LiSN-S (different voices at £90 degrees, different
voices at 0 degree, same voice at 90 degrees, and same
voice at 0 degree), which were presented in this order for
all participants, as recommended by Cameron and Dillon.

The LiSN-S software was modified so that the speech
stimuli were adjusted to suit each participant using the

TABLE 1. Summary of participant details (N = 80)

Mean Range SD
Age (yrs;mos) 50;2 7;0 to 89;0 26;4
4FAHL worse ear 33.4 dB 1.31058.8 dB 17.2
4FAHL better ear 29.4 dB -3.8t056.2 dB 17.6
250 Hz worse ear 18.9dB 0to 55 dB 13.1
500 Hz worse ear 22.3dB -51to 55 dB 15.3
1000 Hz worse ear 28.7 dB 0to 60 dB 17.9
2000 Hz worse ear 38.3dB 0to75dB 20.1
4000 Hz worse ear 46.1 dB -51t0 90 dB 25.0
8000 Hz worse ear 56.1 dB -51to0 100 dB 29.0

4FAHL, four-frequency average hearing loss (500, 1000, 2000, and 4000 Hz).
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prescribed gain amplifier software developed for the
study. Processing was carried out separately for each ear.
The NAL-RP prescribed insertion gain was calculated by
the software, using the participant’s audiogram for each
ear, and based on the formula described in Dillon (2001).
The average gain, calculated across the audiometric
frequencies from 250 Hz to 4000 Hz, was subtracted
from the gain at each frequency, to give the gain shape.
This gain shape was applied to the original LiSN-S
stimuli (target and distracter speech files) by applying a
Fourier transform to convert the signal to the frequency
domain, then applying a linearly interpolated version of
the gain shape, and finally applying an inverse Fourier
transform to convert the signal back to the time domain.
A 2:1 overlap-add processing scheme, with a 512-point
transform was used. The speech files were modified
and stored before testing. The processing increased the
combined gain of the sound driver and sound card above
the usual LiSN-S calibrated level during testing by the
average gain required for each participant.

The LiSN-S stimuli were presented on Sennheiser
HD215 headphones, which were connected to the com-
puter via a Phonak-branded Buddy 6G USB soundcard.
The software automatically controlled the output level of
the soundcard, removing the need for daily calibration.
Before amplification was applied the distracters had a
combined output level of 55 dB SPL, and the first target
sentence presented had an output level of 62 dB SPL.

2. Neurobehavioral COGNISTAT (Mueller et al. 2001). The

COGNISTAT is a screening tool, which evaluates eight
cognitive functions with the goal of identifying cognitive
deficits. The eight functions are assessed in different sec-
tions of the test, labeled: level of consciousness, orienta-
tion, attention, language, constructional ability, memory,
calculations and reasoning. The number of items included
in each section ranges from 4 to 29.

Given that COGNISTAT is a screening tool, the range
of performance within adults with normal cognition is
quite narrow (Mueller et al. 2009). Test validity has previ-
ously been found to be high for adults aged between 20
and 92 years (Mueller et al. 2009). The developers recom-
mend that for each section of the COGNISTAT, excluding
level of consciousness and orientation, a screening item is
administered and the remaining questions in the section
are only administered in cases in which the participant
fails the screening item. For the present study the authors
decided to administer each question regardless of whether
the participant passed the screening item of the section. It
was hoped that this would yield scores with greater varia-
tion between participants, thus increasing test sensitivity.

3. SSQ (Gatehouse & Noble 2004). Completion of the SSQ
involved rating perceived listening difficulty in real-life
situations on a scale from 0 to 10 for 53 questions. The
questions are grouped into three categories; (a) speech (14
items)—which focuses on hearing speech in a wide range
of situations; (b) spatial (17 items)—concerning the abil-
ity to perceive location, movement, and distance; and (c)
quality (22 items)—including ease of listening and qual-
ity (Gatehouse & Noble 2004). The SSQ was designed for
use with adults and has been used extensively in the lit-
erature with both aided and unaided participants. To com-
pare subjective listening experiences in quiet and in noise
for the purposes of the present study, the questions from
each section were rearranged into two further subscales
before the commencement of data collection: (d) listening
in noise—concerning the ability to perceive a target signal
in the presence of background noise; and (e) listening in
quiet—concerning the ability to perceive a target signal in
quiet. A list of the questions included in the two subscales
can be found in Table 2. An example of an item categorized
as listening in noise is “You are talking with one other per-
son and there is a TV on in the same room. Without turn-
ing the TV down, can you follow what the person you're
talking to says?” (speech item 1). Items such as “You are
talking with one other person in a quiet, carpeted lounge-
room. Can you follow what the other person says?” (speech
item 2) were classified as listening-in-quiet questions. Six
items from the SSQ qualities subscale were not adminis-
tered as they are only relevant to aided participants and the
research sample contained both aid users and nonaid users.
The excluded items were 15, 16, 17, 20, 21, and 22.

4. LIFE (Anderson & Smaldino 1998). The LIFE is a self-
report measure of difficulty in hearing in classroom settings.
It was designed for use with a pediatric population. The ques-
tionnaire comprises 15 different items, each describing an
educational situation. For example, item 4 asks “The teacher
is talking. Other kids are making noise in the hall. Tell me
how well you can hear the words the teacher is saying.” The
LIFE can be used with either a 3- or 5-point response scale.
To ensure that task comprehension what not an issue for the
younger children in the sample the 3-point response scale was
used. The three response options were “easy” (score = 10),
“medium” (score = 5), and “hard” (score = 0).

Procedure

Testing for each participant was completed in one session
lasting 1.5 hr. Participants were paid a $20 gratuity to cover travel
costs. Both air and bone conduction audiometric thresholds were
measured at octave frequencies from 250 to 8000 Hz using a
Hughson-Westlake procedure. Screening tympanometry was
also undertaken to confirm the presence of type A tympanograms.

TABLE 2. Individual Speech Spatial and Qualities of Hearing scale items included in each subscale

Speech Spatial and Qualities of Hearing Subscale

Contributing Items

d) Listening in noise

e) Listening in quiet

Speech items: 1, 4,5,6,7,8,9,10, 11, 12, and 14

Spatial item: 7

Qualities items: 1, 2, 3, and 19

Speech items: 2, 3, and 13

Spatial items: 1, 2, 3, 4, 5, 6, 8,9, 10, 11, 12, 13, 14, 15, 16, and 17
Qualities items: 4, 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15,16, 17, and 18
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Fig. 3. Screenshot of Listening in Spatialized Noise-Sentences prescribed gain amplifier user interface.

Real-ear insertion gain (REIG) was measured for all partici-
pants who reported being regular hearing aid users. REIG measure-
ments were performed using an Aurical system with a modulated
speech-weighted noise signal. Measurements were taken at 50,
65, and 80 dB SPL with hearing aids set to the participant’s pre-
ferred setting. On the basis of the findings of Keidser et al. (2010)
corrections were later applied to the auricle measurements as the
Aurical speech-weighted noise differs from the international long-
term average speech spectrum (Byrne et al. 1994) on which NAL
fitting prescriptions were derived. REIG was undertaken to ensure
that the hearing aids that participants reported wearing were work-
ing and providing appropriate amplification. Participants aged 18
years and above completed the COGNISTAT, which was adminis-
tered by the researcher in an interview format.

The participants’ audiometric results were then entered into
the prescribed gain amplifier of the LiSN-S (Fig. 3). After a
short period of practice, the participant’s SRT was determined by
varying the target sentence level adaptively and then averaging
the signal-to-noise ratios (SNRs) for all sentences presented
after practice concluded. The SNR was decreased by 2 dB if the
participant scored more than 50% of the words in each sentence
correct, and increased by 2 dB if he or she scored less than 50%
correct. If exactly 50% of the words were repeated correctly
the SNR remained unchanged. All words in the target sentences
were scored, including definite and indefinite articles. For
example, if the sentence “The cat stretched out on the couch,”

was repeated word for word then a score of 7 out of 7 was
recorded. Testing in each condition continued until the entire
30 sentences were completed or at least 17 scored sentences
had been completed and the participant’s SE was less than 1 dB.

After completion of the LiSN-S all participants completed
a questionnaire, which asked them to rate listening difficulty in
everyday situations. This was included to allow for investigation
into how spatial-processing ability related to the participants’ sub-
jective real-world listening experience. Adult participants (n = 65)
completed the SSQ in an interview format. A laminated copy of
the SSQ was placed in front of the participant and then each ques-
tion was read aloud by the researcher. The participant indicated
their response either verbally or by pointing to the corresponding
position on the scoring scale. Participants were not restricted to
integer responses. The participant’s response was then recorded
by the researcher. Participants less than 18 years of age (n = 15)
completed the LIFE, which was also administered in an inter-
view format. One at a time, standardized pictures of each educa-
tional situation were placed in front of the participant along with
a response sheet with three cartoon faces. The researcher would
read each item allowed and then the participant was required to
respond by pointing to the picture corresponding to their response.

Data Analysis
The data was analyzed using Statistica version 7.1 and R
version 2.12.0 (with the additional R packages rms and ggplot2)
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to perform multiple regression analysis. Multiple regression
involves investigation of the effect of each predictor variable
on a dependent variable while simultaneously considering the
effects of the other predictor variables, thus allowing the effects
of correlated predictor variables (such as age and hearing level)
to be estimated separately. Although the basic ideas of multiple
regression are well known, some of the specific techniques used
here are less well known, so a brief explanation is given.

In some of the regression models presented in the Results
section, age and hearing level are represented as “splines” (Dur-
rleman & Simon 1989). Splines are a type of nonlinear func-
tion, and the usage of splines to represent predictor variables in
regression has the advantages that (1) we avoid the restrictive
assumption that the associations between dependent and predic-
tor variables are linear, and (2) compared with the most com-
mon way of including nonlinearity (that is, including a squared
predictor term) for the same number of additional parameters a
spline allows a wider range of shapes of curve.

Splines are defined piecewise, that is, a spline is defined dif-
ferently for different ranges of values of the predictor variable,
but there are constraints to ensure that the pieces join together
in a smooth way. The points at which the pieces join are called
“knots,” and the number of knots is chosen in advance. There
are different types of splines; the ones used here are called
“restricted cubic splines” because between adjacent knots the
function is a cubic polynomial, and in the tails (to the left of
the first knot and to the right of the last knot) the function is
restricted to being linear. The splines used here have three knots,
located at the 10th, 50th, and 90th percentiles of the sample val-
ues of the relevant predictor. When a predictor variable is repre-
sented by a spline with three knots, the predictor has two terms
in the regression function, and the significance of the predictor
is tested using an F test to test the two terms simultaneously.

Three different types of 7 values are reported in the Results.
Simple 7 refers to the proportion of variance in the dependent
variable that could be attributed to the predictor variable if the
other predictor variables were not included in the model. Partial
7 is the amount of variance each predictor variable accounts for,
after the other predictors have been allowed for, as a proportion
of the variance unexplained by the other predictors. Multiple »°
refers to the proportion of variance explained by the predictor
variables in combination. Associated with each type of /° is a
corresponding p value.

RESULTS

Data from all 80 participants were included in the following
analyses except where explicitly stated otherwise.

Before undertaking statistical analyses to assess the effect
of hearing impairment, multiple regression analyses were con-
ducted to determine which measure of hearing impairment
would serve as the best predictor of LiSN-S performance.
The five LiSN-S measures (low-cue SRT, high-cue SRT,
talker advantage, spatial advantage, and total advantage), were
included as dependent variables and average low-frequency
hearing loss, mid-frequency hearing loss, and high-frequency
hearing loss as the predictor variables. Average low-frequency
hearing loss was calculated as the average of 250 and 500 Hz in
the worse ear. Average mid-frequency hearing loss was calcu-
lated as the average of 1000 and 2000 Hz in the worse ear and
average high-frequency hearing loss as the average of 4000 and

8000 Hz in the worse ear. An apriori decision was taken to com-
pare performance with the worse ear rather than the better ear
as binaural processing relies on the hearing properties of both
ears and, therefore, is likely to be influenced by the worse ear.

Results from the multiple regression are shown in Table 3.
Each of the LiSN-S measures that involve the use of spatial
cues (i.e., high-cue SRT, spatial advantage, and total advantage)
was most highly correlated with mid-frequency hearing loss
(» < 0.001). These measures were also significantly correlated
to high-frequency hearing loss (p < 0.001, p =0.031, p =0.010).
High-cue SRT and spatial advantage were also significantly cor-
related to low-frequency hearing loss (p < 0.001, p = 0.009).
However, low-cue SRT was significantly correlated with both
low-frequency hearing loss (p = 0.007) and high-frequency
hearing loss (p = 0.012). Talker advantage, which is a measure
of the benefit gained from access to pitch cues, was signifi-
cantly correlated with high-frequency hearing loss (p = 0.003).
Therefore it was deemed inappropriate to use any one of these
measures of hearing impairment in isolation in the subsequent
regression analysis as it would result in hearing impairment
seeming to have a weaker influence on some LiSN-S measures
than if a different measure of hearing impairment had been cho-
sen. Thus, four-frequency average hearing loss (4FAHL) in the
worse ear (worse 4FAHL), which includes frequencies from all
the three measures discussed earlier, was used as the sole mea-
sure of hearing loss for all subsequent analyses.

Effect of Hearing Impairment and Aging

Figure 4 shows the raw scores for each LiSN-S condition
versus hearing impairment. For all four conditions a strong
relationship with 4FAHL is evident, in the direction of
worsening hearing thresholds leading to poorer performance on
the LiSN-S. However, as a wide age range is included in the data
set shown, more detailed analysis is necessary to interpret these
findings. Age and hearing loss are weakly correlated within the
sample (» = 0.33) and moderately correlated (» = 0.71) if only
the adult participants are considered.

A multiple regression with nonlinear terms was conducted,
incorporating hearing loss as a spline with three knots and age
as a spline with three knots, for each of the five LiSN-S mea-
sures. Results of the regression are shown in Table 4 as simple,
partial, and multiple * values. Though the focus of this article
is spatial processing we will also report the findings associated
with the talker advantage measure of the LiSN-S as it provides
a useful comparison point.

On the basis of the simple 7 results it seems that, when
considered in isolation, both age and hearing loss explain a
significant amount of the variance on each of the five LiSN-S
measures (p < 0.001). The partial 7> demonstrates that when
both predictor variables, age and hearing loss, are considered
together hearing loss remains a significant predictor for all five
LiSN-S measures (p < 0.001), and age is a significant predictor
only for high-cue SRT (p = 0.001). Once hearing loss is allowed
for, age accounts for a small and insignificant proportion of
variance in the remaining four measures.

The regression coefficients were used to show graphically
the separate effect of each predictor. The graphs in Figure 5
show each LiSN-S measure versus hearing threshold, with
each data point adjusted vertically to allow for the effect on the
LiSN-S measure of the participant’s age relative to the mean age
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TABLE 3. Coefficient estimates, 95% CI, and p values for different measures of hearing level versus Listening in Spatialized Noise-

Sentences measure

Low-Cue SRT High-Cue SRT Spatial Advantage Talker Advantage Total Advantage
Estimate Estimate Estimate Estimate Estimate
Predictor (Cl) p (Cl) p (Cl) p (Cl) p (CI) p
Low-frequency 0.048 0.093 -0.071 -0.011 -0.044
HL (0.013,0.083) 0.01* (0.044,0.141) <0.001* (-0.123,-0.019) 0.01* (-0.060, 0.037) 0.64 (-0.092,0.004) 0.07
Mid-frequency 0.008 0.120 —-0.089 —-0.039 -0.112
HL (-0.024,0.039) 0.63 (0.076,0.163) <0.001* (-0.137,-0.042) <0.001* (-0.083,0.005) 0.08 (-0.156, —-0.069) <0.001*
High-frequency 0.026 0.063 -0.034 -0.043 -0.037
HL (0.006, 0.047) 0.01* (0.035,0.091) <0.001* (-0.065,-0.003) 0.03* (-0.072,-0.015) 0.003* (-0.065,-0.009) 0.01*

* Indicates significant correlations.
Cl, confidence interval; SRT, speech-reception threshold.

of all participants. That is, the effects of age, as calculated from
the regression analysis, have been removed from the data. The
line on each plot shows the predicted value of the dependent
variable (SRT or advantage measure) versus hearing threshold,
were all participants to have an age equal to the mean age of the
participants. In the same way, Figure 6 shows the effect of age,
after removing the systematic effects of hearing thresholds.

In the plots of each LiSN-S measure versus hearing loss,
the band shows the 95% confidence interval for the mean for
the dependent variable when the age variable is held fixed at its
mean. The individual points on each plot can be thought of as
the values of the dependent variable after being adjusted for the
effects of the other variable.

There was a significant relationship between low-cue SRT
and hearing loss (p < 0.001, partial 7> = 0.40). As hearing loss
increases, performance on the low-cue SRT measure worsens.
However, a stronger relationship was found to exist between
high-cue SRT and hearing loss (p < 0.001, partial 7> = 0.82). This
indicates that hearing loss explains 82% of the variance seen on
the high-cue SRT measure, which is not explained by age.

Spatial-processing ability is most clearly captured by the
spatial advantage measure of the LiSN-S. The relationship

between spatial advantage and hearing loss was also significant
(p <0.001, partial 7= 0.66), with increased hearing loss associ-
ated with poorer spatial-processing ability. Variation in hearing
thresholds in the minimal-to-mild range seem to cause smaller
variations in spatial advantage than do variations in hearing
thresholds in the severe range (Fig. 5C). Although the effect of
hearing thresholds on spatial advantage was highly significant,
the nonlinearity term, and hence the variation in slope shown in
Figure 5C, just failed to reach significance (p = 0.06).

The relationship between talker advantage and hearing loss
is also significantly correlated (p < 0.001, partial 7> = 0.39). It
is evident from the plot that the spread of performance on this
measure is greater. Subsequently, less of the variance in talker
advantage can be explained by hearing loss.

Total advantage, which is a measure of the benefit gained
from access to both pitch and spatial cues, was also significantly
correlated with hearing loss (p < 0.001, partial 7> = 0.71). As
was the case with spatial advantage and talker advantage, the
graph shows that worsening hearing loss results in reduced total
advantage score.

The effect of age on LiSN-S performance, although hear-
ing is accounted for, is shown in Figure 6. The plot in Figure

“m_ Different voices 90
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“e._ Different voices 0
“e._ Same voice 0
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Speech-reception threshold (dB SNR)

Fig. 4. Plot of Listening in Spatialized Noise-
Sentences SRT raw scores versus 4FAHL in worse
ear. 4FAHL, four-frequency average hearing loss,
SNR, signal-to-noise ratio; SRT, speech-reception
threshold.
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TABLE 4. Multiple regression with nonlinear terms for hearing loss and age (n = 80)

Simple Partial Multiple
Measure Predictor r r P r p
Low-cue speech- 4FAHL 0.56 <0.001* 0.40 <0.001* 0.59 <0.001*
reception threshold Age 0.32 <0.001* 0.07 0.08 ’ ’
High-cue speech- 4FAHL 0.87 <0.001* 0.82 <0.001* 0.89 <0.001*
reception threshold Age 0.41 <0.001* 0.17 0.001* ’ ’
Spatial advantage 4FAHL 0.74 <0.001* 0.66 <0.001* N
Age 0.30 <0.001* 0.06 0.10 0.76 <0.001
Talker advantage 4FAHL 0.51 <0.001* 0.39 <0.001* .
Age 0.21 <0.001* 0.02 0.52 0.51 <0.001
Total advantage 4FAHL 0.80 <0.001* 0.71 <0.001*
N 0.81 <0.001*
Age 0.34 <0.001 0.07 0.06

*Significant correlations.
4FAHL, four-frequency average hearing loss.

6A shows a slight but not significant deterioration in low-cue
score in older adults (p = 0.08, partial > = 0.07). However, this
decline in performance equates to less than 2 dB change in SRT.
Figure 6B displays the relationship between high-cue SRT and
age, which reached significance (p = 0.001, partial 2 =0.17). A
sharp deterioration in high-cue SRT can be seen with increasing
age from approximately 60 years. The cause of this deteriora-
tion cannot be identified based on this analysis. Similarly, high-
cue SRT score seems to improve with increasing age until early
adulthood. Once the effects of hearing loss on high-cue SRT
have been accounted for, age only explains 2% of the total vari-
ance or 17% of the remaining variance.

None of the LiSN-S advantage measures was found to be sig-
nificantly correlated with age once the effect of hearing loss was
allowed for. Spatial advantage showed minimal variation across
age (p=0.10, partial 7> = 0.06) as did talker advantage (p = 0.52,
partial 72 = 0.02). The relationship between total advantage and
age approached but did not reach significance (p = 0.06, par-
tial 72 = 0.07). This result can be attributed to the fact that total
advantage is a difference score, and one of the measures it is
derived from, high-cue SRT, is significantly affected by age.

Effect of Cognition

The following analyses included data from the 65 partici-
pants aged 18 years and above. A multiple regression with non-
linear terms was conducted with COGNISTAT overall score
represented as a linear term, hearing loss as a spline with three
knots, and age as a spline with three knots as the predictor vari-
ables, and the five LiSN-S measures as dependent variables
(Table 5). When considered in isolation (i.e., without examining
the effects of hearing loss and age) COGNISTAT overall score
seems to be significantly correlated with low-cue SRT (p =
0.004), high-cue SRT (p = 0.002), spatial advantage (p = 0.009),
and total advantage (p = 0.006). Once the effects of hearing loss
and age have been accounted for, COGNISTAT overall score is
no longer significantly correlated with any of the five LiSN-S
measures (p ranging from 0.27-0.95).

Self-Report Measures of Listening Difficulty

Separate analyses were conducted on the LIFE data collected
from the 15 participants aged 7 to 17 years and the SSQ data
collected from the 65 participants aged 18 to 89 years. The self-
report measures were included to examine whether a relationship

exists between spatial-processing ability (as measured by the
LiSN-S spatial advantage measure) and self-reported listening
difficulty. As such, the spatial advantage measure of the LiSN-S
was used as the predictor variable in the following analyses.

A linear regression found no significant correlation between
LIFE score and performance on the spatial advantage measure
(p = 0.226, r* = 0.089). Conversely, a regression with SSQ
listening-in-noise score and SSQ listening-in-quiet score as
dependent variables revealed a significant relationship between
listening difficulty in noise and spatial advantage performance
(» <0.001, > = 0.282). The direction of the relationship indi-
cates that as spatial-processing ability worsened adult partici-
pants reported greater difficulty hearing in situations in which
background noise was present.

As spatial advantage was previously shown to be significantly
related to hearing loss it is possible that the relationship between
listening difficulty, as measured by the SSQ, and spatial
advantage was actually attributable to both variables being
associated with hearing loss. The multiple regression analysis
for SSQ listening-in-noise score was therefore reanalyzed, this
time including both spatial advantage and 4FAHL as predictor
variables. When considered together 4FAHL was shown to be
significantly correlated to SSQ listening-in-noise score (p =
0.002, partial »> = 0.144), and spatial advantage was no longer
a significant predictor (p = 0.937, partial > = 0.000) once the
effect of 4FAHL had been accounted for.

DISCUSSION

Effect of Hearing Impairment on Spatial Processing

The present study set out to examine the effects of hear-
ing impairment on spatial-processing ability. It was hypoth-
esized that, given the physiological changes associated with
sensorineural hearing loss, spatial-processing ability would
be reduced in hearing-impaired people. This hypothesis was
previously supported by the findings of Gelfand et al. (1988),
Dubno et al. (2002), and Arbogast et al. (2005) who reported
reduced spatial-processing ability in hearing-impaired listen-
ers compared with normal-hearing listeners. The results of
the present study provide further validation of this hypothesis,
showing a strong relationship between spatial processing, as
quantified by the spatial advantage measure of the LiSN-S, and
hearing impairment.
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The design of this study allows for further description of the
relationship between spatial processing and hearing impairment
than was possible with previous studies. For example, Gelfand
et al. (1988) used a group design in which each group was
either designated as “normal hearers” or “presbycusic.” This
approach does not allow for differentiation between degrees
of hearing loss. By including hearing-impaired participants
with a wide range of degrees of loss in the present study it was
possible to demonstrate how spatial-processing ability changes
as hearing impairment increases. It was demonstrated that as
hearing loss increases spatial-processing ability decreases.
Therefore, the spatial-processing ability of a person with a
mild sensorineural hearing loss is not, on average, going to be
equivalent to that of a person with a moderate sensorineural
hearing loss.

Fig. 5. Plot of Listening in Spatialized Noise-
Sentences SRT or advantage measure versus
4FAHL in worse ear, adjusted for age. A, low-
cue SRT; B, high-cue SRT; C, spatial advantage;
D, talker advantage; E, total advantage. 4FAHL,
four-frequency average hearing loss; SRT,
speech-reception threshold.
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Although the nonlinearity between spatial advantage and
hearing loss was not statistically significant (p = 0.06), some
degree of nonlinearity was observed (Fig. 5C). Changes to hear-
ing thresholds in the minimal-to-mild range seem to have a less
detrimental effect on spatial-processing ability than changes in
the severe range.

It is also worth noting that plotting the relationship between
degree of hearing loss and LiSN-S high-cue SRT score revealed
that even between 0 and 20 dB 4FAHL, which is routinely con-
sidered within the normal-hearing range, there is evidence of
performance beginning to deteriorate with increasing hearing
thresholds. High-cue SRT, for example, is estimated to vary by
2 dB over this range of hearing levels. This indicates that even
minimal shifts in hearing thresholds, which would normally
not be considered clinically significant, may be detrimental to
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a person’s ability to use spatial cues to aid in auditory stream
segregation.

Further, an examination of Figure 5C shows that a small
number of hearing-impaired and normal-hearing participants
performed more poorly on the spatial advantage measure of the
LiSN-S than would be expected given their hearing loss. These
results cannot be explained by above-average performance
in the low-cue condition of the LiSN-S or age, and the cause
of this poorer performance cannot be clearly identified. It is
possible that these participants may have a central component
to their spatial-processing deficit, in addition to the component
that seems to be an inevitable result of sensorineural hearing
loss. However, it is also possible that this poorer performance
represents normal variation within the population.

The effect of reduced spatial-processing ability on difficulty
in understanding speech in noise is emphasized by comparing

0 20 4 80 80
Age (years)

the relationship between low-cue SRT and 4FAHL with the
relationship between high-cue SRT and 4FAHL. When no spa-
tial cues are present, as is the case with the low-cue condition
of the LiSN-S, on average, each 10 dB of 4FAHL hearing loss
results in a need for an approximately 0.7 dB increase in SNR,
though the rate changes with degree of hearing loss, decreasing
from 0.9 to 0.6 dB per 10 dB of loss around the transition from
moderate to severe hearing loss. By comparison, each 10 dB of
4FAHL hearing loss results in a need for an approximately 2.8
dB increase in SNR in the high-cue condition (in which spa-
tial cues are present), though the rate changes with degree of
hearing loss, increasing from 2.1 to 3.4 dB per 10 dB of loss
around the transition from moderate to severe loss. This raises
a number of questions about the use of traditional speech-in-
noise tests, in which there is no spatial separation of speech
from maskers, as a measure of hearing aid fitting success. If the
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TABLE 5. Multiple regression including hearing loss, age, and cognition for adult participants only (n = 65)

Simple Partial Multiple
Measure Predictor r? r? p r P
Low-cue speech- 4FAHL 0.57 <0.001* 0.27 <0.001*
reception threshold Age 0.45 <0.001* 0.06 0.15 0.61 <0.001*
Cognition 0.13 0.004~ 0.01 0.35
High-cue speech- 4FAHL 0.89 <0.001* 0.80 <0.001*
reception threshold Age 0.53 <0.001* 0.12 0.02* 0.91 <0.001*
Cognition 0.15 0.002* 0.02 0.27
Spatial advantage 4FAHL 0.74 <0.001* 0.58 <0.001*
Age 0.39 <0.001* 0.02 0.59 0.75 <0.001*
Cognition 0.10 0.009* 0.00 0.70
Talker advantage 4FAHL 0.50 <0.001* 0.22 <0.001*
Age 0.38 <0.001* 0.03 0.44 0.52 <0.001*
Cognition 0.05* 0.00 0.95
Total advantage 4FAHL 0.81 <0.001* 0.68 <0.001*
Age 0.42 <0.001* 0.04 0.29 0.82 <0.001*
Cognition 0.11 0.006* 0.00 0.70

*Significant correlations.
4FAHL, four-frequency average hearing loss.

goal of a speech-in-noise test performed clinically is to dem-
onstrate how well the client will perform in background noise
then it would be advantageous to incorporate spatial separation
of the test stimuli in the test design. Without spatial separation
the difficulties experienced by the client will be underestimated.
The 13.5 dB benefit from access to spatial cues gained by
individuals with a 10 dB HL 4FAHL was almost identical to the
value of 12.8 dB reported in the study by Cameron et al. (2011)
for adult normal hearers aged from 18 to 60 years. This is much
larger than the 5 to 6 dB of benefit that Gelfand et al. (1988)
found their normal hearers experienced. This difference may be
a result of the differences in type of masking noise used in the
two studies. In the present article, as in the study by Cameron
et al., two talkers at different azimuths were used as the competi-
tion whereas Gelfand and colleagues used 12-speaker babble.
The difference in amount of benefit from spatial cues may be
attributable to the fact that there is greater amount of informa-
tional masking present when individual talkers are used as mask-
ers, and therefore spatial-processing ability becomes far more
important. This theory is supported by the work of Arbogast et
al. (2005) that showed that the masker type affects amount of
benefit from spatial cues, with individual speech maskers allow-
ing for greater spatial release from masking. It can be argued
that the use of speech maskers also provides the most realistic
estimate of people’s spatial-processing ability as speech maskers
most closely mimic real-life conditions (Arbogast et al. 2005).

Effect of Aging on Spatial Processing

The results of this study indicate that the effect of age on
spatial-processing ability is far smaller than the effect of hear-
ing loss, so small in fact that it could not be detected on the
spatial advantage measure of the LiSN-S once hearing loss
had been allowed for. Figure 6 shows that each of low-cue
SRT, spatial advantage, and talker advantage has a small
and statistically insignificant deterioration as age increases
from 60 to 90 years. It is only in the high-cue condition, in
which performance is simultaneously affected by all the fac-
tors affecting the other measures, that the decline with age
becomes significant. The lack of a detectable effect on spatial

advantage is in contrast to the findings reported in many ear-
lier studies such as those by Divenyi and Haupt (1997), Dubno
et al. (2002), Divenyi et al. (2005), and Murphy et al. (2006).
There are a number of reasons why this may have occurred.
It is possible that the lack of an age effect in this study is a
result of the built-in LiSN-S prescribed gain amplifier provid-
ing better audibility than was available to participants of past
studies in which methods such as flat amplification or test-
ing with hearing aids in situ were used. Furthermore, hearing
impairment was controlled for in the statistical analyses of the
present study, allowing the effects of hearing impairment and
aging to be separated.

Alternatively it could be argued that the absence of an age
effect in this study is because of the different materials and
maskers used in the study design. The LiSN-S target sentences
were designed to be easily understood by a 4-year-old hearing-
impaired child (Cameron & Dillon 2007). Had the speech
materials been more cognitively taxing it is possible an age
effect may have become evident given the cognitive declines
frequently associated with aging.

It is worth noting that the results of Gelfand et al. (1988)
and Cameron et al. (2011), in relation to spatial-processing
ability and aging, support our current findings. Consequently,
it is suggested that any link between spatial-processing ability
and aging found in other studies is a result of the poorer hear-
ing thresholds of older participants than those of their younger
counterparts. The findings here indicate that when older adults
are provided with adequate amplification they are able to use
spatial cues to aid in speech understanding as well as younger
adults with equivalent hearing thresholds are.

The argument that age explains as little variance in LiSN-
S performance as demonstrated here, is strengthened when we
consider the total amount of variance for each LiSN-S measure
that has been explained by a model incorporating both hearing
loss and age. If age had a greater effect than we had managed to
measure it would be expected that a large amount of unexplained
variance would remain. Table 4 shows that between 51 and 89%
of variance in each LiSN-S measure has been accounted for,
with talker advantage having the least explained variance and
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high-cue SRT the most. However, every test includes a certain
degree of measurement error, which also explains an amount of
the variance in scores. It is possible to estimate the amount of
variance that could be attributable to measurement error based
on the test—retest reliability data provided in the study by Cam-
eron et al. (2011). Squaring the reported test—retest standard
deviation of the mean values and then dividing by two gives
the estimated error variance for a single test for each LiSN-
S condition. This indicates that measurement error accounts
for approximately 35% of the variance of low-cue SRT, 4% of
the variance of high-cue SRT, 23% of the variance for spatial
advantage, 49% of the variance for talker advantage, and 13%
of the variance for total advantage. It should be stressed that
given these values are based on a different sample population
the actual error variance in our sample may be slightly larger
or slightly smaller. However, based on these estimations the
least amount of variance accounted for by hearing loss, age,
and measurement error in any LiSN-S measure would be 93%.

Where Cameron et al. (2011) demonstrated stable spatial-
processing ability in adults up to 60 years of age, our current
findings expand on this result further showing stable spatial-
processing ability continuing up to 89 years of age. However,
aging was found to be correlated with reduced scores on the
high-cue measure of the LiSN-S. This suggests that some fac-
tors related to aging, other than, or in addition to, spatial-pro-
cessing ability or audibility, do affect the ability of older adults
to understand speech in spatially separated background noise.
As mentioned previously, successful auditory stream segrega-
tion involves the use of multiple cues including, but not limited
to, location of the sound source, contextual information, and
spectral information (Alain 2007). It is possible that deficits in
spectral discrimination or poorer ability to use context contrib-
uted to the poorer performance of older adults on the high-cue
SRT measure. It is interesting to note that the reduced perfor-
mance on the high-cue SRT in older adults was also observed
by Cameron et al. (2011). Further investigation into the cause of
this increased difficulty would certainly be warranted, and one
area that will need to be considered as part of that investigation
is the role of cognition.

Cognition

The effects of cognition on spatial-processing ability have
not previously been investigated. What is widely accepted in
the literature is that aging results in reduced cognitive ability,
manifesting in a number of ways including reduced working
memory, slower processing speed, and poorer attention (Lunner
2003). With this in mind, it was deemed that a cognitive screen-
ing tool that covered a large number of skills would provide the
best opportunity of identifying any cognitive effects on spatial-
processing ability.

The present study did not find a significant correlation
between performance on the COGNISTAT and any of the LiSN-
S measures including spatial advantage, once age and hearing
loss had been allowed for. Given this is the only research that
directly considers the relationship between spatial-processing
ability and cognition, it is difficult to determine whether the
lack of correlation is true in general or is because of some fac-
tor specific to the design of the study. Daneman and Merickle
(1996) point out that some measures of cognition may not be

sensitive enough to small cognitive changes to reveal relation-
ships between cognition and other factors.

The COGNISTAT has been widely validated and shown to
be a sensitive screening measure to general cognitive decline in
geriatric populations (Ruchinskas & Curyto 2003). Therefore,
it seems unlikely that a lack of sensitivity in the chosen mea-
sure could explain the lack of effect. What is possible is that, by
choosing a general measure we could not observe relationships
between specific cognitive functions and spatial-processing
ability. Lunner (2003) was able to identify a link between speech
understanding in noise and cognition by using a visual working
memory task and a processing speed task as the measures of
cognition. It is thus suggested that future research using alter-
native and, perhaps, more specific measures of cognition, such
as those described in Hafter (2010), would be needed before it
could be conclusively stated that cognition is not related to spa-
tial-processing ability. It is also possible that the COGNISTAT
may not be sensitive enough to detect minor cognitive decline
that is not significant enough to be clinically relevant.

Another factor that may have affected the findings relating
to spatial-processing ability and cognition relates to the par-
ticipant sample. Close examination of data showed very little
spread of cognitive abilities, with only one of the 65 participants
who completed the COGNISTAT assessment scoring less than
60 out of a possible 74 points. This small range of cognitive
abilities occurred despite no specific inclusion criterion for cog-
nition, and may simply reflect the type of people who are likely
to volunteer as research participants. If a sample with a wider
range of cognitive abilities had been tested it seems possible
that a link between cognition and spatial-processing ability may
have emerged.

It is also possible that a relationship between spatial-
processing ability and cognitive ability may have emerged had
a more cognitively demanding test of spatial-processing ability
been used. As previously discussed, the LiSN-S was designed
to place minimum cognitive demands on the listener (Cameron
& Dillon 2007). If one considers the degradation hypothesis
described by Lindenberger and Baltes (1994) the presence of
a cochlear hearing loss and background noise makes listening
more effortful. Consequently, resources have to be diverted
away from other functions to effortful listening instead. As the
LiSN-S requires minimal cognitive resources to begin with, it
is possible that it was not affected by the reduced amount of
cognitive resources available whereas a test that required more
than simple sentence repetition may well have been.

Self-Report

Last, the present research set out to determine whether spa-
tial-processing ability is related to real-life listening difficulty.
Given the wide age range covered in this study it was deemed
most appropriate to make use of two different measures of lis-
tening difficulty; the LIFE for participants aged under 18 years
of age and the SSQ for participants aged 18 years and above.
The results of the questionnaires were then considered and ana-
lyzed separately. No relationship was found between the LIFE
and spatial-processing ability for the pediatric participants. This
was contrary to our hypothesis that spatial-processing ability
would be related to reported listening difficulty.

Before discounting the link between spatial processing
and listening difficulty in children it is important to note the
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relatively small number of child participants and to consider
whether the LIFE was actually measuring the desired factors.
A number of items on the LIFE do not include any background
noise components and one would not expect them to be related
to spatial-processing ability. It is important to note that a num-
ber of additional factors such as attention may be captured
in the items of the LIFE and we would not expect these to
be related to spatial processing. Furthermore, there are limita-
tions to using self-report questionnaires in the pediatric popu-
lation and it is not clear whether the reports of the younger
participants were in fact accurate representations of their
experiences. It would be advantageous if one could instead
compare LiSN-S results with data gathered from professional
observations of real-life performance or, perhaps even better,
a listening-difficulty test that seeks to mimic real-life listening
conditions as closely as possible. Unfortunately, as yet such a
test does not exist and until it does it will be difficult to reach
any concrete conclusions regarding the link between spatial-
processing ability and real-life listening difficulty in a pediat-
ric population.

The SSQ listening difficulty in noise subscale initially
seemed to be strongly correlated to the LiSN-S spatial advan-
tage score, which would provide support for the hypothesis that
spatial-processing ability affects real-life listening difficulty.
This is despite the fact that the participant group included
aided and unaided adults, which could have obscured the effect
because of the different levels of audibility causing variation in
responses. The relationship between spatial advantage score and
SSQ listening difficulty in noise was no longer significant once
hearing impairment was included in the analyses. However, one
cannot discount the possibility that had a different measure of
self-reported listening difficulty been used, a different conclu-
sion may have been reached.

Study Limitations

In this experiment spatial-processing ability was assessed
using the LiSN-S with a built-in prescribed gain amplifier
providing frequency-specific gain based on the NAL-RP pre-
scription described in the work by Dillon (2001). NAL-RP rec-
ommends less high-frequency gain than that recommended by
other prescription methods such as desired sensation level, rais-
ing questions regarding whether high frequencies were ampli-
fied adequately to provide access to IIDs that are prominent in
the high frequencies (Dillon 2001). However, subjective reports
from participants indicated that the speech was very clear and,
in the case of most aided participants, far clearer than they
were used to with their hearing aids. The high-frequency gain
provided by NAL-RP is based on experiments showing that,
once hearing thresholds exceed 60 dB, speech information in
the high-frequency region becomes decreasingly useful despite
increased amplification (Byrne et al. 1990). Therefore it seems
unlikely that a different prescription method would have pro-
vided participants better access to IID or that the strong rela-
tionship between hearing impairment and spatial processing
could be explained by poor high-frequency audibility alone.

The head-related transfer functions used to create the spa-
tialized stimuli in the LiSN-S were recorded in an anechoic
environment. The extent to which the benefit of spatial cues
in reverberant environment varies from the benefit in anechoic
environments is unknown.

CONCLUSIONS

This study has demonstrated that spatial-processing ability
is closely related to degree of hearing impairment. On the basis
of the data presented here it is likely that every person with a
sensorineural hearing loss will also have a reduction in spatial-
processing ability of some degree. Therefore audiologists work-
ing clinically should consider this when counseling their patients
in regard to realistic expectations of amplification. This research
has demonstrated that, despite appropriate amplification, patients
should expect to continue to have greater difficulty understand-
ing speech in noise than normal hearers have, and this needs to
be made clear to patients before hearing aid fitting. The LiSN-S
may prove to be a useful clinical tool for demonstrating this to
clients in the future. Further, a small number of hearing-impaired
participants may have an additional central component to their
spatial-processing deficit, resulting in more aberrant performance
than their hearing levels may predict, and testing on the LiSN-S
may help clinicians to identify these clients.

No significant relationship was found between spatial-pro-
cessing ability and aging. This indicates that once people learn
to use spatial cues to aid in speech segregation they retain this
skill unless a hearing loss develops. However, even a mild hear-
ing loss degrades spatial processing. Age was shown to account
for a small, but, significant, amount of the variance seen on the
high-cue measure of the LiSN-S. This suggests that even though
spatial processing remains intact, age does affect speech under-
standing in noise through some other unknown mechanism.

The relationship between cognition and spatial-processing
ability and spatial-processing ability and real-life listening dif-
ficulty require further investigation.

In addition, a number of questions have arisen from this
investigation. Given the fact that all hearing-impaired people have
reduced spatial-processing ability, attention should be directed
to what can be done to address this deficit. Deficit-specific
remediation for spatial-processing disorder has been shown to be
effective in normal-hearing children (Cameron & Dillon 2011),
so this should be investigated as an option for hearing-impaired
people. If, however, the cause of spatial-processing deficits is
different in adults with a sensorineural hearing loss than for
children with normal-hearing sensitivity (as seems likely), we
should have no expectation that the same type of remediation
will be possible for the hearing-impaired adults. Given the size
of the SNR deficit revealed when scores are spatially separated,
there is a strong need for devices that improve SNR by a greater
degree than is possible with current hearing aids.
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