
Impaired Binaural Hearing in Children Produced by a
Threshold Level of Middle Ear Disease

SARAH C. M. HOGAN AND DAVID R. MOORE

University Laboratory of Physiology, University of Oxford, Oxford OX1 3PT, United Kingdom

Received: 21 February 2002; Accepted: 9 July 2002; Online publication: 23 September 2002

ABSTRACT

Otitis media with effusion (OME), a form of middle
ear disease, is the most common reason for young
children both to visit their family doctor and to have
surgery. Almost all children have at least a single ep-
isode of OME before their first birthday and annual
incidence rates exceed 50% in each of the first five
years. For most children, OME occurs infrequently,
but about 10–15% of children have OME during
more than half of their first six years. Middle ear ef-
fusions attenuate and delay sound, causing conduc-
tive sound distortion during the crucial years for
language acquisition. The many studies of OME ef-
fects on language and other indices of development
have produced mixed results. However, a consensus is
emerging of mild language impairment in the pre-
school years, with subsequent performance, emo-
tional, and behavioral difficulties. In addition to the
peripheral hearing loss produced directly by the dis-
ease, binaural and other central auditory deficits can
outlive the OME. It has been unclear which children
are at risk of central impairment following OME,
since the children studied have generally been re-
cruited from otolaryngology clinics. Consequently, a
detailed prospective history of the middle ear status
of participants has not been available. By studying six-
year-old children with a lifetime known history of
OME, we show in this study that only those children
with a cumulative OME experience of more than

about half the time during the first five years con-
sistently have residual impaired binaural hearing.
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INTRODUCTION

The high prevalence (Fig. 1A) and incidence (Hogan
et al. 1997, 1998; Paradise et al. l997; Hogan 1999) of
otitis media with effusion (OME, also known as ‘‘glue
ear’’) in early childhood has generated much specu-
lation concerning its effect on the development of
the human auditory system and on language acqui-
sition and perception. Concern about the effects of
OME as a form of auditory deprivation was further
heightened by research from animal studies, first in
the visual system (Wiesel and Hubel 1965; Sherman
and Spear 1982) and later in the auditory system
(Knudsen et al. 1984; Moore et al. 1989), showing
that abnormal sensory experience could produce
long-term changes in the structure and function of
the primary brain circuits responsible for vision and
hearing. More recent research provides further sup-
port for changes in auditory brain function (Moore
et al. 1999; King et al. 2000; Tucci et al. 2001).
However, while the effects of visual form deprivation
and interocular misalignment in infancy are pro-
found and relatively well understood, the early, mild,
asymmetric conductive hearing loss produced by
OME (Kokko 1974; Gravel and Wallace 2000; Hartley
and Moore 2000) or, experimentally, by occlusion of
the ear canal (Knudsen et al. 1984; Moore et al. 1989,
1999; King et al. 2000) or malleus removal (Cook et al.
2002) seems to exert a more subtle influence on
central auditory processing.
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Another source of concern about OME came from
observation of and research into language-based

learning impairments. Although OME is generally a
highly prevalent condition, some children with lan-
guage, reading, attention, and behavior problems
have been identified as having particularly high levels
of OME (Zinkus et al. 1978; Silva et al. 1982). Because
OME distorts sounds entering the ears and is most
prevalent during the early crucial years for language
acquisition (Fig. 1A; Pinker 1984; Bishop 1997), a
causal link has been suggested. However, large-scale
prospective studies of OME effects on language
(Holm and Kunze 1969; Roberts and Wallace 1997)
and other indices (Rapin 1979; Silva et al. 1986;
Roberts et al. 1989; Gravel and Wallace 1998; Mody
et al. 1999) of development have produced mixed
results. Nevertheless, a consensus is beginning to
emerge of mild language impairment in the pre-
school years and some performance, emotional, and
behavioral difficulties in the school years (Bennett
et al. 2001; Roberts et al. 2002).

OME has both acute and persistent effects on
hearing. During early childhood, especially in the
first three years, active OME reduces the level of
sound entering the ear by up to 40 dB (Kokko 1974;
Gravel and Wallace 2000) and delays the sound by up
to 300 Ms (Hartley and Moore 2000). OME fluctu-
ates between unilateral and bilateral, with indi-
vidual episodes lasting from a few days to many
weeks (Bluestone and Klein 1995; Hogan et al. 1997,
1998; Paradise et al. 1997; Hogan 1999). After the
OME clears, however, binaural and other central
hearing impairments can persist. These include im-
paired spectrotemporal processing (Hall and Grose
1994), poor sound localization (Besing and Koehnke
1995), and difficulties in separating sounds using
spatial cues (Moore et al. 1991; Pillsbury et al.
1991).

The relation between these persistent, central
hearing impairments and the individual history of
OME is largely unknown, since participants have
generally been recruited from otolaryngology clinics.
These participants have, in turn, usually been re-
ferred from family medicine practices, based on a
relatively small number of clinical observations and
parental selection. Moreover, the samples have been
further biased by the tendency to refer, both at pri-
mary and secondary levels, on the basis of acute otitis
media, a rapid onset, symptomatic form of middle ear
disease. OME, by contrast and by definition, lacks the
signs and symptoms of acute infection (Bluestone
and Klein 1995) but is, by far, the most common form
of middle ear disease in childhood. In this study, we
were able to relate the lifetime history of OME to
binaural hearing, since we have objectively docu-
mented the middle ear status of a group of children
from birth to the time at which their binaural hearing
was tested (Hogan et al. 1997, 1998).

FIG. 1. A. Prevalence of OME in the first six years. The data show
the mean annual prevalence of OME [as measured by ‘‘B’’-type
tympanograms (Jerger 1970) in either or both ears] in the children in
this study, divided into quartiles by overall (6-year) OME prevalence.
Testing was conducted at approximately monthly intervals (adapted
from Hogan et al. 1998). B. The binaural hearing task was presented
as a computer game, with noise in each of two intervals (visually
signaled as either frogs or penguins, in color in the actualgame), and
the tone (randomly) in just one interval (Linux 2.0 penguin graphic
courtesy of Larry Ewing). C. The masking level difference (MLD)
involves presentation of target signals (S) and masking noise (N) that
is either in-phase (N0S0) or out-of-phase (N0Sp) at the two ears. When
either the signal or the noise is interaurally out-of-phase, the signal is
more easily detected, leading to the happy face (adapted from Moore
1997).
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METHODS

Participants

The children tested in this study [n = 31, age = 6.7
years (mean), 0.6 (SD)] were participants in a longi-
tudinal study of OME (Hogan et al. 1997, 1998). Full-
term, healthy infants with uneventful birth histories
were examined at approximately monthly intervals
during domiciliary visits for the first six years (total
examinations = 1963; mean examinations per child
per year = 10.4; range = 5–14), except for one child
who was examined only for the first three and a half
years. Each ear was examined otoscopically, to check
that there was no obstruction of the canal, and tym-
panometrically. For the present purpose, tympano-
grams classified as types ‘‘A’’ and ‘‘C’’ represented an
effusion-free state, while type ‘‘B’’ (in either ear)
represented an instance of OME. The prevalence of
OME was calculated as the number of instances of
OME in a given year as a percentage of the total
number of observations for the year. The children
had a variable lifetime prevalence of the disease (Fig.
1A), from 0% to 64% in the first five years (Fig. 2A),
but no effusion at the time of binaural testing. Where
the children presented an effusion-free state, pure
tone audiometry (British Society of Audiology 1981)
was performed at least once, during domiciliary visits,
between the 3rd and 6th years of the longitudinal
study. Audiometry was also routinely performed dur-
ing domiciliary visits in those years when type ‘‘B’’
tympanograms were recorded. Two of the 31 children
underwent surgery for ventilation tubes. The first
child had tubes at 11 months because of repeated
acute ear infections, and the second child had tubes
fitted in her fifth year because of chronic OME.

Measuring binaural hearing

An index of binaural hearing is the masking level
difference (MLD; Durlach and Colburn 1978; Fig.
1B). This is the extent to which the detection of an
auditory signal (S0) is enhanced in the presence of a
simultaneous, in-phase masking noise (N0) when it is

presented out-of-phase (Sp) at the two ears. The MLD
is the laboratory model for the binaural contribution
to the ‘‘cocktail party problem’’ (Cherry 1953), the
ability to detect target sounds in noisy environments.
For a 500 Hz signal tone presented in a broadband
masking noise (Fig. 1C), normal-hearing adult lis-
teners have a MLD of �15 dB (Hogan et al. 1996;
Bernstein and Trahiotis 1999).

We devised a computer game to test the MLD in
children (Fig. 1B). A trial consisted of two noise
bursts, in one of which a tone was randomly pre-
sented. One of two animal graphics opened its mouth
in synchrony with each interval (Hartley et al. 2000).
The children were trained to point to the character
that ‘‘uttered’’ the tone. An adaptive procedure was
used to measure their threshold for detection of the
tone.

Digitally generated sounds (500 Hz tones, 80 ms
cosine square gating envelope; 100 Hz wide, 80 ms
gated, narrowband and noise centered at 500 Hz, 63
dB spectrum level; see Hartley et al. 2000) were pre-
sented as shown in Figure 1B, C and delivered by
Telephonies TDH-39 earphones.

Procedure

Following brief (5 consecutive correct responses) in-
itial training at a high tone level (90 dB SPL), tone
thresholds were determined using a two-interval,
forced-choice ‘‘maximum likelihood’’ procedure
(Green 1990) that tracked 94% correct detections.
Correct responses were rewarded with a brief video
graphic and an increment on a linear scale. Incorrect
responses produced a gesture of disappointment on
the face of the nominated character (Fig. 1B). Thir-
tysix trials were run, including six probe trials (at 90
dB SPL) that did not contribute to the adaptive
procedure. An incorrect response to a probe trial
resulted in a test run being abandoned. Testing was
conducted individually in a sound-attenuated room.
Half the children were tested first on the N0S0 con-
dition and half on the N0Sp condition (Fig. 1C). Oto-
scopy, tympanometry, and 5-frequency audiometry

FIG. 2. A,B. MLD at 6.7 years as a
function of the total prevalence of OME in
the first five years. OME prevalence was
the percentage of flattympanograms, in
either ear, relative to the total number of
tests (see Fig. 1A). The data from A are
replotted in B as the mean (±1 SEM) in
each quartile of OME experience. Also
shown are the data for adult listeners with
unknown OME experience. C. Tone
thresholds in the N0S0 and N0Sp

conditions for the children from the
lowest three quartiles and from the
highest quartile of OME experience.
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(British Society of Audiology 1981) were conducted
between masked threshold tests. Normal-hearing
adult (23–35 years) listeners (n = 8), with no known
history of ear disease, were tested in an identical
fashion.

RESULTS

Binaural hearing

The children had variable MLDs, from 4 to 24 dB (Fig.
2A). However, we found that children with the great-
est experience of OME tended to have the lowest
MLDs. By dividing the children into four equal groups
(quartiles) of lifetime OME prevalence (Fig. 2B), we
found children in the lowest three groups not to have
significantly different mean MLDs, whereas those in
the highest OME group had significantly lower MLDs
than any of the other three groups (multiple one-
tailed t-tests, p = 0.015, 0.022, 0.028). These data sug-
gest a ‘‘threshold’’ effect for binaural impairment
produced by OME. While some children with little
OME had a low MLD, no children in the highest
prevalence group had a MLD that exceeded the mean
of any of the other groups (Fig. 2A,B). Only those
children with the highest incidence of OME (>�45%)
had MLDs that were consistently low. One child in the
highest OME quartile and one child in the third
highest OME quartile had ventilation tubes earlier in
childhood (see Methods), but the tubes had extruded
long before MLD testing. Identically tested adults had
higher (p = 0.047) mean MLDs than the combined
mean of the lower OME children, suggesting that the
children’s MLDs were not fully mature.

The reduced MLD during (Hall et al. 1995) and
after (Moore et al. 1991; Pillsbury et al. 1991) con-
ductive hearing loss has been shown to be due pri-
marily to elevated thresholds in the antiphasic (Sp)
condition, with little change in S0 thresholds. Here we
compared S0 and Sp thresholds in children belonging
to the highest quartile of OME incidence with those

belonging to the other three quartiles (Fig. 2C).
Consistent with these previous reports, Sp thresholds
in the High OME group were significantly raised
relative to the collapsed data from the Low OME
groups (p < 0.015). The S0 thresholds did not differ
significantly between the High and Low OME groups,
suggesting that the MLD decrement in the High
group was not due to a general inability to perform
the task. Apparently, a major effect of prolonged
OME experience is to decrease the advantage in
hearing that is normally obtained when target and
interfering sounds come from different directions in
space and thereby generate different interaural level
and phase relations.

Audiometry

Some of the audiometric results obtained during the
longitudinal screening study are shown in Table 1. All
the data in this table are from children who subse-
quently participated in the study of binaural hearing.
Data are shown for 7 children in the lowest OME
quartile (Low OME) who had ‘‘A’’-type tympano-
grams at each of several visits. Their mean, air-con-
ducted (a/c) thresholds were almost all within the
normal range (£ 20 dB HL). Also shown are data
from 8 children belonging to the highest prevalence
quartile (High OME), who had flat (‘‘B’’-type) tym-
panograms at each of many visits. Their a/c thresh-
olds were highly variable and ranged from hearing
within normal limits to moderate losses (55 dB HL).
Their mean thresholds at the time of extant effusion
were significantly (p � 0.01) higher, by 10–15 dB,
than those of the Low OME children.

We measured the MLD only when the children
had ‘‘A’’-type tympanograms. Audiometric data ob-
tained from the children at the time of their MLD test
are shown in Figure 3 and demonstrate that audio-
metric thresholds were unrelated to MLD. The mean
thresholds at 500 Hz (or at other frequencies, not
shown) did not vary markedly, or significantly, from

TABLE 1

Audiometric effect of OMEa

250 500 1000 4000 Hz

Low OME (n = 7)
Mean a/c threshold 19.0 15.2 7.9 6.2 dB HL
Range 10–25 5–25 0–15 0–15 dB HL
Number of observations contributing to mean value 15 23 19 20

High OME (n = 8)
Mean a/c threshold 28.7 26.7 23.0 19.5 dB HL
Range 10–50 10–50 5–45 0–55 dB HL
Number of observations contributing to mean value 63 75 67 61

aData show air-conducted (a/c) thresholds obtained from 7 Low OME children, tested when their ears were OME free, and 8 High OME children, tested when their
ears had OME, as evidenced by tympanometric status. Further details in the text.

126 HOGAN AND MOORE: Effect of Middle Ear Disease



those of the Low OME children recorded at various
intervals during the longitudinal study (Table 1), and
they are indicative of normal sensitivity at the time of
MLD testing. In fact, the audiometric thresholds ob-
tained at the time of MLD testing (measured in a
sound chamber) were slightly lower than those ob-
tained in the longitudinal study (measured in the
children’s homes). Thus, the lower MLDs recorded in
the High OME children were not due to peripheral
insensitivity.

DISCUSSION

Previous studies of the effects of OME on hearing and
language have mainly recruited subjects retrospec-
tively. In a retrospective design, it is not possible to
specify a relation between the disease and its conse-
quences with any precision. Some studies (Teele et al.
1984) have used high levels of medical contact or
referral to an ENT department (Moore et al. 1991;
Hall et al. 1995) as the primary criterion for inclusion
in an OME group. While many subjects recruited in
this way will have had a high incidence of OME, it is
likely that many subjects in the control group will also
have had high levels of OME (Hogan et al. 1998).
The sensitivity of the test is therefore compromised.
Moreover, children who have hearing or language
problems caused by factors other than OME are likely
to be disproportionately represented in the clinical
ENT population and their problems may therefore be
incorrectly associated with OME.

Within our prospective study, we have been able to
quantify the prevalence of OME for any given child
and the levels of hearing loss associated with OME.
While the hearing loss associated with OME is varia-
ble, the audiometric data collected during the lon-
gitudinal study indicate that there were significant
differences in the mean hearing thresholds between

the children of the lowest OME quartile and those in
the highest OME quartile. This suggests that the
children in these two quartiles would have different
listening experiences in their early childhood. At the
time of the assessment for binaural listening, there
were no differences in auditory sensitivity among the
four quartiles of children, and the observed differ-
ences in binaural hearing ability are therefore at-
tributed to the child’s lifetime auditory experience.

Care must also be taken in prospective designs to
allow for nonlinear relations between OME and its
consequences. While the effect of OME across an
entire population may be weak, the results presented
here show that there exists at least one measure of
hearing where only a very high level of the disease
leads to significant impairment. If this were also true
for other outcome measures of OME, it could explain
some of the discrepancies in the literature.

The mean MLD in the High OME children was
about 6 dB, or 40% less than that in the lower OME
children. Should we be worried about this level of
binaural ‘‘impairment?’’ The main function of bin-
aural unmasking is to facilitate detection of target
sounds in noisy environments. However, binaural/
directional enhancement is only one of at least seven
cues (Cherry 1953) to this task. Therefore, we might
expect that a binaural deficit is relatively unimpor-
tant. On the other hand, the acceptable level of noise
in a child’s environment is often determined by an
adult whose judgment is based on his or her own
experience. Developmental improvements in binau-
ral hearing, shown here and elsewhere (Nozza 1987;
Morrongiello et al. 1990; Moore et al. 1991), suggest
that children will be relatively more disadvantaged by
a given background noise level than adults. It appears
that the fluctuating nature of OME may adversely
affect the normal pattern of development for binau-
ral hearing. Moreover, the presence of OME early in
childhood has detrimental effects on other aspects of
hearing after the disease has resolved, including co-
modulation masking release (Hall and Grose 1994), a
measure of spectrotemporal pattern analysis (Moore
1997). These problems presumably add to those re-
sulting from poor binaural unmasking. Finally, al-
though we have focused in this study on the
aftermath of early OME, it is important to remember
that young children spend much time with impaired
hearing due to active OME (Fria et al. 1985). This is,
of course, especially the case for those exceeding the
threshold identified here.
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