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Introduction: Bone-conduction hearing device (BCHD) uses natural
sound transmission through bone and soft tissue, directly to the cochlea,
via an external processor that captures and processes sound, which is
converted into mechanical vibrations. Key parameters, as maximum
power output (MPO) and broader frequency range (FR), must be con-
sidered when indicating a BCHD because they can be decisive for
speech recognition, especially under listening challenge conditions.
Objectives: Compare hearing performance and speech recogni-
tion in noise of two sound processors (SPs), with different features
of MPO and FR, among BCHD users.

Materials and Methods: This single-blinded, comparative, obser-
vational study evaluated 21 individuals Baha 4 system users with
conductive or mixed hearing impairment. The free-field audiometry
and speech recognition results were blindly collected under the fol-
lowing conditions: unaided, with Baha 5, and with Baha 6 Max SP.

Results: In free-field audiometry, significant differences were ob-
served between the SP at 0.25, 3, 4, 6, and 8 kHz, with Baha 6
Max outperforming Baha 5. The Baha 6 Max provided significantly
better speech recognition than Baha 5 under all the speech in noise
conditions evaluated. Separating the transcutaneous from the percu-
taneous users, Baha 6 Max Attract SP provided the best results and
significantly lowered the free-field thresholds than Baha 5 Attract.
The Baha 6 Max also significantly improved speech recognition
in noise, among both Attract and Connect users.

Conclusion: The present study revealed that the greater MPO and
broader FR of the Baha 6 Max device helped increase high-frequency
gain and improved speech recognition in BCHD-experimented users.
Key Words: Bone conduction—Hearing loss—Speech audiometry.
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INTRODUCTION

Bone-conduction hearing devices (BCHDs) are hearing
solutions that use natural sound transmission through bone
and soft tissue, directly to the cochlea, via an external elec-
tronic device that captures, processes, and converts sound
into mechanical vibrations. These vibrations, generated by
external sound processors (SPs), are transmitted to an implant
anchored to the skull and then conducted to the cochlea.
Whether transcutaneous or percutaneous, such prostheses
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consist of a titanium device surgically placed in the mastoid
bone, in addition to a skin-penetrating abutment (percuta-
neous) or a magnetic device (transcutaneous), to which
the SP is attached (1). They provide effective hearing solu-
tions for individuals with conductive and mixed hearing
loss (HL), because they compensate for limitations in
sound transmission associated with alterations or anoma-
lies of the outer and/or middle ear (2—4). They are also in-
dicated for individuals with profound unilateral sensorineu-
ral HL; however, in these individuals, the sound captured
by the processor on the affected side will be transmitted di-
rectly to the contralateral cochlea (4—6).

BCHDs do not use air conduction and, as such, are not
affected by air-bone gaps. Thus, BCHDs require less ampli-
fication than personal sound amplification products in indi-
viduals with conductive and/or mixed HL. For this reason,
they provide better hearing results than air-conduction hear-
ing aids for patients with an air-bone gap hearing level
greater than 30 to 35 dB (7,8).

These types of prostheses have enabled individuals with
the proper indications to reach an excellent hearing quality.
However, the most common complaint, regardless of the
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type of hearing aid, is the difficulty in following conversa-
tions in an acoustically unfavorable environment, that is,
speech recognition in noisy situations. Therefore, under-
standing speech in the real world, permeated by competing
noises, remains a considerable challenge for the population
with HL.

A key factor to consider when selecting a BCHD for an
individual is the gain that the device can provide, because
the gain must be sufficient to amplify sounds above audio-
metric thresholds. Another crucial parameter for the selec-
tion process is the maximum power output (MPO), espe-
cially at a high frequency (9). MPO is defined as the stron-
gest output level that a hearing device can provide and is an
important parameter for selecting the best device for each
patient. MPO is directly related to the amplification that
the device can provide. For example, MPO can limit the
gain available to the patient by making sounds inaudible,
unpleasant, or even uncomfortable. Amplified speech sig-
nals must not reach MPO; that is, they should target the
ideal gain in each frequency range (FR). Poor MPO and
gain adjustment affects sound quality and, in turn, speech
recognition.

Studies on gain and MPO effects on speech recognition
performance with BCHDs remain scarce. In addition, most
of previous studies suggest that increasing MPO and there-
fore gain improves speech recognition.

In 2021, the company Cochlear (Cochlear Ltd, Sydney,
Australia) launched the SP Baha 6 Max, which was de-
signed to provide users with a higher gain and MPO than
the previous model, thus promoting their speech recogni-
tion skills and therefore improving their quality of life. In
this context, gain and MPO effects on speech recognition
in noise must be assessed among experienced BCHD users.

Thus, the objective of the present study was to compare
the hearing performance and speech recognition of two SPs
with different FRs and MPOs in a group of experienced
BCHD users. We hypothesized that the SP with a wider
FR and a higher MPO would improve speech recognition
by better providing users with high-frequency cues for
speech recognition in noisy environments.

MATERIALS AND METHODS

Study Center and Population

This single-blinded, comparative, retrospective, observa-
tional study was approved by the Ethics Committee under
opinion number 5.265.370. The research was conducted
in accordance with the precepts of Resolution 466/2012
of the Brazilian National Health Council (Conselho
Nacional de Saude) and with good practices in scientific re-
search, as defined by International Organization for Stan-
dardization 14155 and by the 2020 International Council
for Harmonization of Technical Requirements for Pharma-
ceuticals for Human Use guideline on Clinical Safety Data
Management: Definitions and Standards for Expedited
Reporting (2020 ICH-E2).

The research center was a tertiary referral hospital, where
the study population received the implants free of charge
from the Brazilian government. SP updates were also pro-
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vided by public policies for hearing care in Brazil. Thus,
the data were collected through a documentary analysis of
medical records of patients monitored at the study center
with unilateral Baha BCHD implants and a Baha 4 Attract
or Connect SP.

All individuals invited to participate in this research and
their legal representatives agreed to participate in the study
and signed the Informed Consent Form and the Informed
Assent Form, when younger than 18 years.

The following eligibility criteria were applied: individ-
uals with a unilateral BCHD Baha implant, native Brazilian
Portuguese speakers, both male and female, older than
12 years, had been using the Baha 4 processor for more
than 2 years, and were undergoing a process for updating
their Baha 4 SP because they had broken or lost the device.
The exclusion criteria were patients with cognitive and/or
neurological disorders who were unable to complete the re-
search procedures.

Because of public health policies, all new SPs would be
provided free of charge and would be the Baha 6 Max
model. Because the hospital is a research center, when the
government approved the updates, a study protocol was de-
signed to assess whether the acoustic characteristics of the
device, the Baha 6 Max, were superior to those of its previ-
ous version, the Baha 5 device. Thus, data were blindly col-
lected from the patients, and the same procedures were per-
formed with both devices: Baha 6 Max and Baha 5.

Hearing Aids

All study procedures were performed with both hearing
aids: Baha 5 and Baha 6 Max. A single-blinded study
was performed because the two SPs were physically similar
(Fig. 1), and the participants were all previous Baha 4 users
who were in the process of being upgraded to a new model.
The main difference between the SPs is that the Baha 6
Max system had an actuator and a more recent signal pro-
cessing system than the Baha 5, resulting in a higher
MPO and higher high-frequency gain, according to the
manufacturer.

At the end of data collection, the SPs of all participants were
updated to the Baha 6 Max model. Moreover, only the evalua-
tors knew which processor was tested in each condition.

Procedures

All tests were performed with both SPs, the Baha 5 and
the Baha 6 Max. The SPs were individually fitted to the par-
ticipants, according to the manufacturer's instructions,
using the Cochlear fitting software BAHA v4.45 and
bone-conduction threshold measurements, a directionally
disabled microphone, automatic sound classification, posi-
tion compensation, and noise reduction.

Free-field pure-tone thresholds at frequencies that ranged
from 0.25 to 8 kHz were assessed under three conditions,
namely, unaided, with Baha 5, and with Baha 6 Max, using
the warble tone as a modulated stimulus in an Astera 2
Madsen clinical audiometer (Otometrics A/S, Taastrup,
Denmark). The loudspeaker was positioned at 0-degree azi-
muth, 1 m from the individual, in a sound booth.
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FIG. 1. Baha 5 and Baha 6 Max SP. SP indicates sound processor.

Speech recognition was assessed using the hearing in noise
test (HINT) (10), which was performed in an Astera 2 Madsen
clinical audiometer (Otometrics A/S), with loudspeakers posi-
tioned at 0- and 180-degree azimuth, 1 m from the individual,
in a sound booth. The test was performed under fixed and
adaptive noise, always presented speech at 0-degree azimuth,
and varied the position of the noise between 0 and 180-degree
azimuth. For the fixed-noise condition, the noise was posi-
tioned at 180-degree azimuth, the speech level was always
maintained at 65 dB SPL, and the signal-to-noise ratio was
maintained at 0 dB. For the adaptive-noise conditions, the
noise was always maintained at 65 dB SPL, and the speech
varied with the participants' correct answers.

The SPs were tested in a random order. Once a processor
was programmed, all measurements with that processor were
performed. After completing the tests with the first processor,
the participant rested for a while and subsequently signaled to
proceed. Then, the second processor was then programmed,
and the corresponding measurements were performed. At
the end of the two evaluations, the users were asked which de-
vices they liked best (the first or second device tested) and the
factors that led to their choice.

Data Analysis

The results from free-field pure-tone audiometry test
were analyzed using the Friedman test to compare three sit-
uations, unaided, with Baha 5 SP, and with Baha 6 Max SP,
followed by the Wilcoxon signed rank test. The HINT re-
sults of the Baha 5 and Baha 6 Max SP were analyzed using
the Wilcoxon signed rank test. The free-field pure-tone au-
diometry and HINT results with the Baha 5 and Baha 6
Max were also compared, by prothesis (Baha Attract and
Baha Connect), using the Wilcoxon signed rank test.

RESULTS

Considering the aforementioned criteria, the medical re-
cords of 21 individual Baha 4 users, 8 male and 13 female

Baha® 6 Max

individuals, with a mean age of 21.5 years (minimum of
14 yr and maximum of 43 y), were selected and analyzed.
The characteristics of the study cohort are presented in
Table 1.

Figure 2 shows the mean free-field pure-tone thresholds
of the 21 individuals, at frequencies ranging from 0.25 to
8 kHz, under three conditions: unaided, with the Baha 5
SP, and with the Baha 6 Max SP. All audiometric thresholds
assessed with Baha 5 and Baha 6 Max were significantly
better than those assessed without any device (p < 0.05).

TABLE 1. Study population
PTA BC, dB Degree of

Age, (0.5,1,2,and Hearing Implanted

Sex yr Etiology  4kHz) Loss Ear BCHD
1 F 28 malf 15 Profound R Connect
2 F 21 malf 11.25 Moderate R Connect
3 M 14 malf 10 Severe R Attract
4 M 23 malf 3.75 Severe L Attract
5 M 15 malf 6.25 Severe L Attract
6 M 23 malf 7.5 Severe L Connect
7 F 19 malf 2.5 Moderate R Attract
8 F 23 malf 8.75 Severe L Connect
9 F 15 malf 5 Moderate R Attract
10 F 43 COM 28.75 Profound R Connect
11 F 25 malf 7.5 Severe R Connect
12 M 14 malf 6.25 Moderate L Attract
13 F 18 malf 3.75 Severe L Attract
14 M 34 malf 15 Severe R Connect
15 F 22 malf 23.75 Severe L Connect
16 F 17 malf 7.5 Moderate R Connect
17 M 16 malf 10 Moderate L Attract
18 F 27 malf 11.25 Severe L Connect
19 F 16 malf 5 Severe R Attract
20 F 16 malf 8.75 Severe L Attract
21 M 15 malf 5 Moderate L Attract

BCHD indicates bone-conduction hearing device; COM, chronic otitis
media; F, female; L, left; M, male; malf, ear malformation; PTA-BC,
bone-conduction pure-tone average; R, right.

Otology & Neurotology, Vol. 44, No. 10, 2023
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FIG.2. Mean free-field audiometric thresholds under the three study conditions: unaided, with Baha 5, and with Baha 6 Max. *Statistical differ-
ence in the comparison between Baha 5 and Baha 6 Max sound processors (Wilcoxon test).

Table 2 presents the results from the speech recognition
evaluation performed using HINT, under the three study
conditions, with Baha 5 and Baha 6 Max SP.

Figure 3 shows the comparison of audiometric thresh-
olds by processor model: Attract or Connect.

Table 3 presents the results from the speech recognition
evaluation performed with HINT, under the three study
conditions, with Baha 5 and Baha 6 Max, by BCHD (Baha
Attract or Baha Connect).

Based on the participants' subjective preference reported
at the end of the tests, 20 individuals (95%) preferred the
Baha 6 Max device, and only 1 individual preferred the Baha
5 device. As explained in the Materials and Methods section,
because all patients would ultimately receive the Baha 6
Max processor, the patient who preferred Baha 5 was
followed up for potential complaints with Baha 6 Max. No-
tably, when the device was implanted, the patient no longer
preferred Baha 5. The subjective factors that influenced the
preference for the Baha 6 Max device mainly included better
sound quality, in terms of clarity and comfort, and easier rec-
ognition of phrases in noisy environments.

DISCUSSION

The present study compared the hearing performance
and speech recognition of two BCHDs—Baha 6 Max,
which has a broader FR and higher gain and MPO than

Baha 5—in a group of experienced Baha 4 users. The re-
sults revealed that the participants who used Baha 6 Max
showed better audiometric thresholds and speech recogni-
tion in noisy environments than those who used Baha 5.

The highest audible frequency for people with normal
hearing is known to be approximately 20 kHz. However,
the upper threshold of the FR of most hearing aids remains
limited to 4 or 5 kHz (11). Nevertheless, amplification rules
prescribe large amounts of gain toward partly restoring,
even minimally, audibility at frequencies greater than
5 kHz. Gain in this FR is necessary because the spectral en-
ergy of speech is lower for high frequencies than for low or
medium frequencies (12—14).

However, large high-frequency gains are still difficult to
achieve, with the available technology, mainly because of
problems with acoustic feedback. Although little is known
about the limitations of BCHDs, the limitation of
high-frequency gain is not exclusive to conventional hear-
ing aids. An obvious solution would be to extend the FR
of hearing aids beyond what is currently available. Re-
cently, this strategy was applied to a new model of a BCHD
SP, whose FR (previously available up to 7000 Hz in the
Baha 5 version) increased up to 9700 Hz (in the Baha 6
Max version), in the tireless quest to improve the capture
of sounds in this region.

As shown by analyzing the mean free-field pure-tone au-
diometry thresholds for each frequency (Fig. 2), the results

TABLE 2. HINT results with Baha 5 and with Baha 6 Max

HINT Condition Processor Average Median SD CI p

SNR 180 degrees (adaptive), dB Baha 5 -1.32 -1.35 437 1.87 0.001*
Baha 6 —2.95 —2.35 435 1.86

SNR 0 degree (adaptive), dB Baha 5 -2.89 -3.65 1.97 0.84 <0.001*
Baha 6 —4.12 —4.75 1.78 0.76

SNR 0/180 degrees (fixed), %o Baha 5 60.15 66.27 28.36 12.13 <0.001*
Baha 6 68.79 79.25 26.15 11.19

CI indicates confidence interval, HINT, hearing in noise test; SD, standard deviation; SNR, signal-to-noise ratio.
*Statistical difference in the comparison between Baha 5 and Baha 6 Max audio processors (Wilcoxon test).

Otology & Neurotology, Vol. 44, No. 10, 2023
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FIG. 3. Mean free-field audiometric thresholds by device. On the left side, Baha 5 attract compared with Baha 6 Max attract. On the right side, Baha
5 connect compared with Baha 6 Max connect. *Statistical difference in the comparison between Baha 5 and Baha 6 max SP (Wilcoxon test).

with Baha 6 Max were significantly better than those with
the Baha 5 at 0.25, 3, 4, 6, and 8 kHz, and the greatest dif-
ference was observed at 8-kHz frequency (51.0 dB with
Baha 5 and 26.7 dB with Baha 6 Max). According to Snapp
and Kuzbyt (14), improving hearing outcomes in frequen-
cies greater than 4 kHz provides a better access to a
high-frequency bandwidth, which helps to improve speech
recognition. Thus, clear differences in electroacoustic char-
acteristics of SPs account for the lower audiometric thresh-
olds and therefore higher gain, especially high-frequency
gain (Baha 5-106 dB MPO and 250-7000 Hz FR; Baha
6 Max—113 dB MPO and 200-9700 Hz FR).

The contribution of high-frequency (>5000 Hz) hearing
to speech recognition has been extensively studied, and ev-
idence has already been published (12,14—17). A better per-
ception of high-frequency sounds will improve the detec-
tion and discrimination of phonemes with high-frequency
energy, mainly in poor hearing situations with competitive
noise (15,18,19).

Loudness perception may also vary with audible band-
width. Different studies of loudness and bandwidth with
acoustic hearing aids found that higher-frequency compo-
nents of broadband sounds, when audible, can increase
loudness perception particularly for high-level sounds
(18,20,21).

This improvement was observed in the auditory evaluations
of speech recognition in noisy environments in the present
study. The results revealed that Baha 6 Max significantly
outperformed Baha 5 under all test conditions. Related results

have already been reported by Hua et al. (9), Gawliczek et al.
(22), Bosman et al. (23), and Hodgetts et al. (24) and confirm
the superior electroacoustic characteristics of Baha 6 Max. As
shown by the audiometric thresholds results, the wider FR (up
to 9700 Hz on the Baha 6 Max) and consequently the greater
high-frequency gain were the determining factors for the su-
perior performance of Baha 6 Max in noisy environments.

Considering that our participants had a mean bone con-
duction of 9.6 dB, their hearing is much more similar to that
of a normal listener, owing to its sensorineural integrity, than
to that of individuals with sensorineural HL, in whom sound
amplification does not suffice. With this reasoning, the im-
provement in speech recognition with the wider FR device
in noisy environments may be explained by the results ob-
served in previous studies. Notably, high-frequency acoustic
information has been found to be beneficial for individuals
with normal speech recognition (12,25).

The broader FR enables a greater high-frequency gain.
The gain provided in this FR is crucial for speech recogni-
tion in noisy environments because, naturally, the spectral
energy of speech is weaker at high frequencies than at
low or medium frequencies (13).

In comparison with the improvements obtained in the
other studies, the relatively small improvement in signal-
to-noise ratio of 1.2 dB that was assessed in the present
study was expected, according to Bosman et al. (23) and
Gawliczek et al. (22). This is because the highest improve-
ments are observed in participants with the worst sensory
components. The study by Bosman et al. (23) included a

TABLE 3. HINT results in Baha Attract and Baha Connect users, with Baha 5 and Baha 6 Max

HINT Condition BCHD N

Processor

Median

Average SD CI P

SNR 180 degrees (adaptive), dB Attract 11 Baha 5 -1.70 —1.80 445 2.63 0.013*
Baha 6 -3.48 -3.55 3.80 2.25

Connect 10 Baha 5 —0.91 -1.00 4.48 2.78 0.014*
Baha 6 —2.37 —2.03 5.03 3.12

SNR 0 degree (adaptive), dB Attract 11 Baha 5 -3.27 -3.65 1.68 0.99 0.021%*
Baha 6 —4.14 —4.75 1.71 1.01

Connect 10 Baha 5 —248 -3.25 227 1.41 0.007*
Baha 6 -4.10 —4.75 1.94 1.21

SNR 0/180 degrees(fixed), % Attract 11 Baha 5 64.40 71.88 2437 14.40 0.003*
Baha 6 74.11 83.84 2247 13.28

Connect 10 Baha 5 55.48 57.56 32.88 20.38 0.028*
Baha 6 62.94 63.04 29.77 18.45

Cl indicates confidence interval; BCDH, bone-conduction hearing device; HINT, hearing in noise test; SD, standard deviation; SNR, signal-to-noise ratio.
*Statistical difference in the comparison between Baha 5 and Baha 6 Max audio processors (Wilcoxon test).

Otology & Neurotology, Vol. 44, No. 10, 2023
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group of participants with mild-to-moderate sensorineu-
ral HL (median bone conduction, 42.8 dB HL), whereas
our participants had well-preserved bone-conduction
thresholds, averaging 9.6 dB HL (ranging from 5 to
28.7 dB HL). Gawliczek et al. (22) commented that more
robust speech recognition improvements are understand-
ably observed in narrower dynamic ranges. In conven-
tional devices, the sound signal is likely perceived with
much more distortion, because most of the amplified sig-
nal approaches the MPO. Ifthe device with a wider range
and higher high-frequency gain were tested in patients
with a narrow dynamic range, distortions could be mini-
mized, because high-frequency dynamic range partly in-
creases, which facilitates the capture of acoustic cues in
this FR.

As mentioned previously, higher MPOs have the benefit
of promoting, at least theoretically, higher gains with lower
distortions. Higher MPO levels may only partly account for
the improved speech recognition that is repeatedly found
with more powerful SP. (23) The higher gains enabled by
these SP may also account for this benefit.

Thus, for patients with conductive HL without sensori-
neural impairment, as in the present study, high-frequency
gain is crucial for improving speech recognition in noisy
environments because the main differences in audiometric
thresholds were observed in the high-frequency region
(3-8 kHz). Conversely, for patients with mixed HL with
narrow dynamic ranges, that is, loss with a clear sensori-
neural component, higher MPO plays a role as important
as FR in improving hearing performance by expanding au-
ditory bandwidth.

Previous studies showed that the benefit of high-frequency
audibility is not limited to cases of conductive and mixed HL.
Investigating the influence of bandwidth on suprathreshold
measures of speech understanding and discrimination in
adults with sensorineural HL, they have shown that providing
extended high-frequency amplification to adults with HL can
improve speech understanding in both quiet and noise
(12,15,17,18,25,26). It is important to emphasize that those
benefit provided by the extended high frequencies cannot be
observed on more severe HLs or on the presence of cochlear
dead regions (26).

Studies have also shown that degree of HL can influence
sound quality and preference for extended bandwidth.
Most studies have shown either subjective preference and
higher sound quality, or no significant aversion to the pro-
vision of extended high frequencies in listeners with nor-
mal hearing and less severe HLs (15,18,25,27-29).

Lastly, we also compared differences regarding the type
of coupling used, to extrapolate the results for both technol-
ogies. Considering only the transcutaneous system (Baha
Attract), the Baha 6 Max device provided significantly bet-
ter speech recognition under the three conditions and au-
diometric thresholds at frequencies of 0.25, 3, 4, 6, and
8 kHz. Similar results were also observed when comparing
the percutaneous system (Baha Connect), in which speech
recognition was significantly better with Baha 6 Max than
with Baha 5 under the three study conditions, as well as the
audiometric thresholds at 8-kHz frequency.

Otology & Neurotology, Vol. 44, No. 10, 2023

Thus, the electroacoustic characteristics of the Baha 6
Max system improve audiological results, regardless of the
coupling system, whether percutaneous or transcutaneous.

Final Considerations

The objective of this study was not to separate the contri-
bution of each electroacoustic characteristic to the result,
and the results were attributed to the technological set avail-
able in the most recent SP without distinguishing which of
them contributed more to improving the results (higher
MPO, higher FR, or, accordingly, higher gain). Notably, al-
though the laboratory analysis of the effect of each param-
eter is crucial for developing knowledge and technology,
the device is already commercially available.

Despite studying a small sample of experienced users,
this study showed satisfactory and consistent results for a
new technology BCHD barely studied and referred to in
the literature to date. Based on our data, we think that the
Baha 6 Max may be a good therapeutic option owing to ex-
cellent functional gain and speech perception in noise re-
sults. Future trials with a larger sample size should be rele-
vant to demonstrate and strengthen the audiological results
of this device with greater accuracy and certainty.

CONCLUSIONS

The most current, Baha 6 Max SP, has superior acoustic
characteristics, and patients with implants experience better
audiological results with Baha 6 Max than with Baha 5.
The functional gain provided by Baha 6 Max was greater
than that provided with the previous version, especially at
high frequencies, and speech recognition in noisy environ-
ments was also better with the Baha 6 Max device than with
Baha 5, owing to its wider FR and higher MPO.
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