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Evaluation of Brain Activation (NeuroSPECT) by Uni- and
Bilateral Auditory Stimulation in Patients with Conductive
Hearing Loss and Bilateral Bone Conduction Devices
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A b s t r ac t
Background: This prospective study evaluated sound localization and brain responses to monaural and binaural stimulation via bone conduction
devices in 3 individuals with bilateral conductive hearing loss (1 acquired and 2 congenital).
Aims and objectives: To determine the (1) Cortical areas that are activated with pure tones. (2) Potential benefits of bilateral devices.
Materials and methods: A new audiological test is described (real-life lateralization test) and applied. NeuroSPECT studies were done using
pure tones delivered via bone conduction devices (Baha Attract) stimulating monaurally and binaurally. The tests were performed 2–4 months
after the placement of the second device.
Results: The use of unilateral devices as well as bilateral devices under our testing conditions did not improve sound localization. There was
improvement in lateralization with bilateral devices. In the three subjects, cortical activation with binaural auditory stimulation with the Baha
Attract occurred in the same auditory areas compared with monaural stimulation. However, while in the individual with acquired loss, the
degree of activation was less intense in binaural compared to monaural stimulation; in the congenital cases, binaural stimulation resulted in
summation of stimuli.
Conclusion: In congenital bilateral conductive hearing losses that have not been stimulated early, there are central auditory areas that are
deprived. Even if these are only two cases, this is suggestive of the importance of bilateral early auditory stimulation in cases of congenital
conductive hearing losses and supportive of the use of bilateral rather than unilateral devices.
Keywords: Adequate sound stimulation, Bilateral bone conduction devices, Bilateral conductive hearing loss, Binaural hearing, Early auditory
stimulation, Language development, Real-life lateralization test, Sensory deprivation, Sound lateralization tests, Symmetric hearing, Timely
stimulation.
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I n t r o d u c t i o n

1,3

Having an auditory pattern of behavior based on two ears is
essential for sound localization, quality of hearing, understanding
in groups, and with ambient noise.1–5 It is clearly established that
in patients with bilateral and/or asymmetric sensorineural hearing
loss, sound localization and better quality of hearing can be
obtained with bilateral hearing aids and/or cochlear implants.2–9
Moreover, in children with bilateral congenital sensorineural
hearing losses, there is ample evidence available to indicate that
early auditory stimulation improves auditory input to the brain and
facilitates language development.9,10
When it comes to bilateral conductive hearing losses treated
with bone conduction devices, two questions come to mind: (1) Is
there a better ability to hear and to localize sound with bilateral
compared to unilateral bone conduction auditory devices? (2) Is
there any basis for early use of these devices in order to provide
bilateral auditory stimulation in congenital conductive hearing
losses?
To answer these and other related questions, we have
developed a systematic and sequential approach by means of
evaluating brain activation (neuroSPECT) by auditory stimuli.
We previously established a normal database with monaural
stimulation (stimulating only one ear) in 10 individuals with normal
hearing.11 We observed that the response was bilateral; therefore,
there are ipsilateral and contralateral pathways to the cortex.

The central responses were both of activation and inhibition, and—
in addition to the auditory areas—other areas of the cortex were
activated. We then did the study in these individuals,12 stimulating
both ears at the same time (binaural stimulation). The areas that
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were activated were the same than with monaural stimulation;
however, with binaural stimulation, there was less inhibition, and
the activation was less intense. These observations were suggestive
that binaural stimulation did not translate in summation but in a
better integration of stimuli, and that binaural hearing required less
perfusion and seemingly less effort of the central nervous system.
In the present study, we evaluate sound localization and brain
activation (neuroSPECT) by pure tones in three individuals with
bilateral conductive hearing losses (one with acquired and two
with congenital losses) who have bilateral bone conduction hearing
devices (Baha Attract). These evaluations are done with monaural
and binaural stimulation.

normalization with the Talairach technique (Neurogam, Segami
Corp., Columbia, MD, USA) based on the method developed by
Mena et al. and has been reported previously.11–13 Images of a
voxel-by-voxel comparative analysis with a normal age-matched
control group were obtained, and cortical perfusion values
were expressed as standard deviation (SD) above or below the
normal mean for the corresponding age group. We also used 15
automatically defined regions of interest (ROIs), corresponding to
cortical projected Brodmann areas, as reference for quantitative
functional cerebral perfusion evaluation (maximum, minimum
and mean). The projection of this template is automatic, and
therefore the reproducibility of the results is 100%.

M at e r ia l s

Case 1

and

M e t h o d s

This study was submitted to and approved by the Ethics Committee
of Clínica Las Condes.

Subjects
Three right-handed volunteers with bilateral conductive hearing
loss, who have bilateral bone conduction hearing devices (Baha
Attract), were included in this study. One female (case 1) with
acquired hearing loss secondary to long-standing recurrent otitis
media and two males (patients 2 and 3) with congenital bilateral
conductive hearing loss secondary to congenital atresia of the ears
who had not used amplification. Case 1: Female born on October
24, 1978. Left Baha March 2013; right Baha October 2018. Case 2 was
a male born the on May 23, 1988. He had his left device placed in
March 2013 and his right in early November 2018. Case 3 was a male
born on December 7, 2005. He had his left device in May 2012 and
his right in mid-October 2018.

Left ear monaural stimulation September 4, 2018. Binaural test
December 18, 2018. 2 months post-right Baha.

Case 2
Left ear monaural stimulation September 6, 2018. Binaural test
December 11, 2018. 4 months post-second Baha.

Case 3
Left ear monaural stimulation September 6, 2018. Binaural test
December 11, 2018. 2 months post-second Baha.
•

Tests
•
•

Audiometry. Their hearing was tested (pure tone audiogram and
speech discrimination) in a soundproof room with and without
their bilateral bone conduction devices (BCDs).
NeuroSPECT Testing. Volunteers were tested twice. (1) Left
ear with the bone conduction device on and the right bone
conduction device off. (2) With both bone conduction devices
on.

Ten minutes prior to tes ting, the volunte er s were
premedicated with 500 mg oral potassium perchlorate and
their right antecubital vein was cannulated. In a sound-proof,
dimmed light room a pure tone was delivered at 50 dB above
threshold during 2 minutes in sound field by means of a G16
Grason-Stadler audiometer. Simultaneously, 25mCi (925 mBq) of
Tc99m - hexamethyl-propylenamine-oxime (HMPAO) (Ceretec™)
were injected intravenously with bolus technique. HMPAO is
initially lipophilic crossing easily the blood–brain barrier with
a high degree of extraction to the intracellular space. After 2
minutes, it changes to the hydrophilic optic meso and becomes
trapped in the brain tissue. SPECT images correspond to the
cerebral perfusion at the moment of its administration even
if the imaging is done later. During the 2 minutes uptake time
of HMPAO, the subjects were instructed to concentrate on
listening to the sound and to sit as motionless as possible. The
volunteers confirmed that they had heard the tone during the
whole duration of the test. Sixty minutes after the injection, the
neuroSPECT images were gathered on a double-head Siemens –
ECAM, with LEHR collimators and processed applying a volume

Sound lateralization test. We designed a test which we termed:
“Real-life lateralization test” (RLLT). The test was initially
validated in 10 normal hearing volunteers, and then, the three
subjects with bilateral conductive hearing losses were tested.
The test is as follows: Our institution has six elevators located
side by side in the lobby of the building. They are constantly
in use because there is heavy transit of persons. The elevator
arrival is accompanied by a 70 dB ring and the elevators arrive in
an aleatory manner. The ambient noise is 63 dB (40–75 dB). The
subject is placed in front of the elevators (in the middle) with
eyes covered and is tested either with one ear blocked or both
ears open. Twenty tests are done per subject. In the patients
with conductive hearing loss, the tests are done with one bone
conduction hearing device on or with both devices on.

R e s u lts
Audiometry
Patient I. Acquired bilateral conductive hearing loss. Figure 1:
Without BCDs. Figure 2: With BCDs.
Patient II. Congenital bilateral conductive hearing loss. Figure 3:
Without BCDs. Figure 4: With BCDs.
Patient III. Congenital bilateral conductive hearing loss. Figure 5:
Without BCDs. Figure 6: With BCDs.

NeuroSPECT Testing
•
•
•

Patient I. Acquired bilateral conductive hearing losses. With
monaural and binaural stimulation. Figure 7.
Patient II. Congenital bilateral conductive hearing loss. With
monaural and binaural stimulation. Figure 8.
Patient III. Congenital bilateral conductive hearing loss. With
monaural and binaural stimulation. Figure 9.

In the patient with acquired bilateral conductive hearing loss
cortical activation with binaural auditory stimulation with the Baha
Attract occurred in the same auditory areas than with monaural
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stimulation but the degree of activation was less intense in binaural
compared to monaural stimulation. In other words, binaural
stimulation did not result in summation of stimuli but in integration.
In brief, Binaural use of Baha Attract in acquired conductive hearing
loss requires less perfusion and seemingly less effort by the central
nervous system (Fig. 7)
In the patients with congenital conductive hearing losses,
activation with monaural and binaural stimulation occurred in the
same areas. However, binaural stimulation resulted in summation
of stimuli, suggesting that in these two individuals with congenital
conductive hearing losses, which have not been stimulated early,
there are central auditory areas that are deprived (Figs 8 and 9).

Sound Lateralization Test
Normal hearing patients (20 tests; 10 monaural, 10 binaural).

Fig. 1: Patient I: Acquired bilateral conductive hearing loss without bone
conduction devices (BCDs)

Age
56
30
28
21
21
23
22

% error binaural
30
20
10
20
30
40
40

% error monaural
60
60
60
70
70
80
70

Normal hearing individuals tested ranged from 22 to 56 years

Fig. 2: Patient I: Acquired bilateral conductive hearing loss with BCDs
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Fig. 3: Patient II: Congenital bilateral conductive hearing loss without BCDs

Patients with bilateral conductive hearing loss and bilateral
BAHA. (20 tests; 10 monaural, 10 binaural).
Year of birth
1978 acquired loss
(case 1)
1988 congenital loss
(case 2)
2005 congenital loss
(case 3)

% error binaural
70

% error monaural
80

40

70

70

80

D i s c u s s i o n
The sense organs connect us with the environment, allowing
external stimuli (information) to get into the nervous pathways
and reach the cerebral cortex, where the information is stored and
processed, and a functional relationship between the individual and
the outside world is established.2 The sense of hearing connects
us with the outside world in terms of sound, and an important
part of this connection is sound localization.2,14 Moreover, to be
able to locate the sound source, it is essential to listen with two
ears since with one ear (e.g., single sided deafness) is not possible.
However, these sound localization observations generally refer to
the case of single-sided deafness and not to asymmetric or bilateral
conductive losses.
It is of interest that the normal hearing individuals tested had
difficulties with sound localization under our testing conditions.
This is suggestive and supportive that in some of our crowded
environments full of ambient noise, normal hearing individuals have

difficulties in localizing sound and in understanding. Thus, this type
of testing reflects our real hearing situation in environments that
are quite common and supports the idea of the need of achieving
optimal bilateral symmetric hearing. In the case of our three
subjects with bilateral conductive hearing loss with bilateral bone
conduction devices, the use of bilateral devices—under our testing
conditions—improved sound localization but not significantly;
however, the subjects felt that there was improvement, but the
testing conditions were difficult. Perhaps since they were tested
only between 2 and 4 months after surgery, the nervous system
had not fully adapted to this new reality. Although a unilateral bone
conduction device in this case provided some degree of bilateral
(asymmetric) auditory stimulation, this did not suffice for sound
localization. Ambient noise is a significant challenge for hearing and
requires an optimal sense of hearing. When it comes to owls that
hunt mice based on auditory clues, the question of how efficient an
owl would be in hunting mice with ambient noise can also be raised.
Our NeuroSPECT study of the subject with acquired bilateral
conductive hearing loss, cortical activation with binaural auditory
stimulation with the Baha Attract occurred in the same auditory
areas than with monaural stimulation and the degree of activation
was less intense in binaural compared to monaural stimulation, the
same as in normal hearing individuals.12 In other words, binaural
stimulation did not result in summation of stimuli but in integration.
However, in the patients with congenital conductive hearing
losses, although activation with monaural and binaural stimulation
occurred in the same areas, binaural stimulation resulted in
summation of stimuli. This is suggestive that in patients with
congenital conductive hearing losses deprived of early stimulation,
there are dysfunctional central auditory areas. Even if the findings
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Fig. 4: Patient II: Congenital bilateral conductive hearing loss with BCDs

Fig. 5: Patient III: Congenital bilateral conductive hearing loss without BCDs
26
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Fig. 6: Patient III: Congenital conductive hearing loss with BCDs

Fig. 7: Patient I: Acquired bilateral conductive hearing loss with monaural and binaural stimulation
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Fig. 8: Patient II: Congenital bilateral conductive hearing loss with monaural and binaural stimulation

Fig. 9: Patient III: Congenital bilateral conductive hearing loss with monaural and binaural stimulation

are only of two cases, they are suggestive and supportive of the
importance of bilateral early auditory stimulation in congenital
conductive hearing losses.
Lack of sensory input to the cortex results in a sensory
deprivation (deficit). In children with sensorineural hearing loss,
stimuli (sensory input) fail to fully reach the auditory pathways and
cortex because of a failure in the receptor.15–18 In the socially and
educationally deprived children, the receptors and the transmission
system are fine, but there is lack of input to the cortex because
of poor stimulation.19 In our subjects with congenital bilateral
conductive hearing loss, there was also lack of input to the cortex
but because of lack of “transmission” (even if the sensory receptors
were normal). Thus, although the causative mechanism is different
in these three scenarios, the end result is the same: a sensorydeprived cerebral cortex secondary to lack of early stimulation.

28

In the case of deprivation by sensorineural hearing loss, early
cochlear implantation and early stimulation has been shown to
be essential. Children implanted before the age of 2 perform
significantly better in all tests, compared to children implanted at
an older age, and acquire auditory skills that are closer to their peers
with normal hearing.6,15,20,21 Early sensory stimulation improves
auditory input to the brain and facilitates language development.6
Children implanted before the age of two have faster rates of
spoken language acquisition than children implanted after that age,
and there is a sensitive or critical period for speech development
in which early stimuli are essential.6,9,16–18,20,21 This is also true
for children with hearing loss who do not need to be implanted
but are intervened with rehabilitation at early stages. Moeller22
evaluated vocabulary and verbal reasoning skills in children with
hearing losses who were subjected to a comprehensive intervention
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program and observed better vocabulary and reasoning skills in
children that were enrolled at earlier stages.
Regarding late intervention, around the age of 5, open-set word
recognition performance has been shown to be significantly better
for children implanted before the age of 5 compared to children
implanted after age 5. 23,24 Moreover, Frush and Svirsky21 have
reported that from a practical perspective, language development
will occur in children implanted later in life, but on the average
their rate of acquisition will be poorer, and they will continue to
lag behind their normal peers for a longer time. This is the case in
normal hearing children who are educationally deprived.19
As mentioned, these three situations of cortical deprivation refer
to children. On the other end, lack of auditory sensory stimulation
also occurs in the elderly with hearing loss. The effects of hearing
loss in the elderly also translate in a sensory deprived cortex that
can be devastating and can potentially translate in communication
and integration problems that can lead to isolation and eventually
to loneliness, cognitive decline and even dementia.25–27 Since life
expectancy has improved and the percentage of elderly persons
has increased,25–27 cortical deprivation by hearing loss is gradually
becoming a crucial issue for these aging individuals.
Additionally, we suggest that the intervention should consider
stimulation beyond pure sound, since the auditory sensory process
itself is not localized or isolated, but it is cortically global. This
concept is supported by functional brain studies (neuroSPECT) with
auditory stimuli with pure tones that show patterns of extensive
cortical activation.11 Moreover, these studies have shown that
central responses to auditory stimuli are bilateral and that the
central auditory pathway is ipsilateral and contralateral and not
necessarily symmetric. In addition, these central responses to
auditory stimuli involve among others, executive frontal areas,
visual and affective areas, areas of auditory association and auditory
memory.11
Therefore, sound stimulation by itself is not enough. Placement
of a cochlear implant is only a part of a global approach that
necessarily involves a comprehensive rehabilitation and educational
process. The same holds true for educationally deprived children,
individuals using hearing aids, bone conduction devices, etc.
Although language depends on hearing, auditory stimuli
by themselves are not sufficient stimulation for language
development. Experience and social interaction are essential.
Fromkin et al.28 described the cases of children who had lived in
deprived environments of language for a prolonged period who
despite normal hearing, failed to learn language. Moreover, despite
language rehabilitation, they were not able to acquire full language
abilities since their rehabilitation occurred past the critical periods
of language learning.16,17
Since speech learning is dependent on social interactions,
listening, speaking, and participating emotionally are essential.9
In the case of implanted children, environment and family
language interactions have shown to be essential for language
development. 20 On the other end of the age spectrum, elderly
individuals with hearing loss also require social interaction and
rehabilitation in addition to hearing aids in order to maintain their
neuronal circuits.

C o n c lu s i o n
Regardless of the mechanism of occurrence (failure of receptors,
of transmission, or because of poor stimuli), lack of sensory input
to the cortex results in a sensory deprivation (deficit) that requires

not only *adequate sound stimuli (*meaning also bilaterality and
symmetry) applied timely (early) but also applied as part of an
overall rehabilitation oriented to a global rehabilitation of neuronal
circuits stimulating the whole cortex.
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