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Intra-operative hearing monitoring methods in middle ear surgeries
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Abstract
Hearing loss is a condition affecting millions of people worldwide. Conductive hearing loss (CHL) is mainly caused by middle ear diseases.
The low frequency area is the pivotal part of speech frequencies and most frequently impaired in patients with CHL. Among various treatments
of CHL, middle ear surgery is efficient to improve hearing. However, variable success rates and possible needs for prolonged revision surgery
still frustrate both surgeons and patients. Nowadays, increasing numbers of researchers explore various methods to monitor the efficacy of
ossicular reconstruction intraoperatively, including electrocochleography (ECochG), auditory brainstem response (ABR), auditory steady state
response (ASSR), distortion product otoacoustic emissions (DPOAE), subjective whisper test, and optical coherence tomography (OCT). Here,
we illustrate several methods used clinically by reviewing the literature.
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Hearing loss is a worldwide condition affecting millions of
people. It can be divided into conductive hearing loss (CHL)
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and sensorineural hearing loss (SNHL) according to its path-
ogenic mechanisms. CHL is mainly caused by middle ear
diseases. Low-frequencies, which are the pivotal part of
speech frequencies, are the frequencies mostly impaired in
patients with CHL. Therefore, middle ear diseases can greatly
affect patients' communication and speech understanding.

Among various therapies for CHL, middle ear surgery may
be the most effective in improving hearing. It has been
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reported that nearly 69% patients with CHL can gain improved
hearing and reduced air-bone gap (ABG) via ear surgeries
(Shah et al., 2013). As general anesthesia replaces local
anesthesia in most otologic surgeries nowadays, it is difficult
to assess efficacy of ossicular reconstruction intraoperatively.
Therefore, the uncertainty in surgery success rate and possi-
bility of needing revision surgeries continue to frustrate sur-
geons as well as patients.

Therefore, increasing numbers of researchers and surgeons
are exploring ways to monitor hearing results during ossicular
reconstruction operations, including electrocochleography
(ECochG), auditory brainstem responses (ABRs), auditory
steady state responses (ASSRs), distortion product otoacoustic
emissions (DPOAEs), subjective whisper test, and optical
coherence tomography (OCT).

1. Auditory brainstem responses (ABRs)

ABRs are a series of electrical potentials recorded from
scalp electrodes upon acoustic stimulation, generated from
auditory pathways, including the auditory nerve and brainstem
(Moller et al., 1981; Moller and Jannetta, 1981) during the first
10e20 ms after the onset of a transient stimulus. They were
firstly described by Jewett et al. (1970) and soon became the
most widely used objective audiometry clinically for its
objective, replicable, and noninvasive nature. ABRs are
essentially unaffected by the patient's cognitive conditions,
such as sleep, sedation or attention. They have been used to
monitor auditory function during otological and neurotological
procedures, and gradually become the routine intraoperative
monitoring method in cerebellopontine angle surgeries and
acoustic neuroma surgeries to alert the surgeon of an
impending damage to the peripheral auditory pathway.
Initially, ABRs were applied intraoperatively jointly with
simultaneous ECochG (Lambert and Ruth, 1988), but since
then both ABRs and ECochG have been treated as possible
independent alternatives. Selesnick suggested that intra-
operative brainstem auditory evoked responses (BAERs)
monitoring might be able to predict postoperative hearing
improvement in patients undergoing ossicular reconstruction
surgery intraoperatively (Selesnick et al., 1997). Thereafter,
more research has reported using ABRs as an intraoperative
monitoring tool in middle ear surgeries, especially in stapes
surgeries. Hsu monitored immediate hearing change during
stapedectomy to guide adjustment of prosthesis positions,
suggesting that intraoperative ABR monitoring might be a
promising tool to help improve postoperative hearing out-
comes and reduce the need for revision (Hsu, 2011).

Although intraoperative ABR monitoring can work
smoothly in the operation room, it has its own limitations:

1. The above researches chose clicks as the stimulus signal.
Clicks are broadband noise without frequency specificity,
with its energy concentrating between 2 and 4 kHz.
Folsom found that click-ABRs mainly reflected high fre-
quency hearing thresholds with limited information on
lower-frequency hearing both in adults and infants
(Werner et al., 1993). Bauch et al. later also demonstrated
that click-ABR thresholds correlated well with high fre-
quency (2, 4 and 8 kHz) pure tone audiometry (PTA) re-
sults, rather than low frequencies (Stapells and Oates,
1997; Martinez Ibarguen, 1993). More and more reports
point out that click-ABRs are better at predicting senso-
rineural rather than conductive hearing loss (Abdala and
Folsom, 1995), which may affect its accuracy and pre-
dicting value in intraoperative hearing assessment in pa-
tients with CHL.

2. Although ABRs have been perceived as an “objective”
measurement of hearing, subjective judgement is involved
in identifying recorded waveforms and determining
response threshold. Therefore a professionally trained
surgeon or audiologist would be needed to interpret the
results during middle ear surgeries. Nowadays automated
ABRs (AABRs) have become a universal test in newborn
hearing screening, but a few reports have suggested that
AABRs can also be used as a standard test in adults.
Further research is needed to study if AABRs during
ossicular reconstruction surgeries can improve the accu-
racy of intra-operative monitoring.

3. Insert earphones are used as the output transducer in ABR
audiometry. Irrigation fluid, blood or serum can get into
the external canal, causing additional/artificial conductive
hearing loss and threshold shift intraoperatively and sub-
sequently affecting monitoring accuracy and predicting
values. Future research may try to replace insert earphones
with loudspeakers to help improve test efficiency as well
as better compliance to asepsis protocols intra-operatively.
2. Frequency-specific auditory brainstem responses
(fsABRs)

Since broadband stimuli, such as clicks, tend to underesti-
mate hearing loss (especially steep sloping hearing loss),
frequency-specific auditory brainstem responses have attracted
attention.

Generally, there are two ways to obtain frequency speci-
ficity. Some use frequency-specific acoustic signals as stimuli,
for instance, tone bursts, filtered clicks, tone pips and chirps,
among which tone bursts and tone pips are the most popular;
others use masking and filtering techniques. Davis et al. in
1976 recommended to use the “2-1-2” signal cycle tone pip
(Davis, 1976), which has been widely used to date.

Later, studies were conducted to explore the accuracy of
frequency-specific ABRs. Stapell and Oates suggested that
tonal ABRs could be recorded in most circumstances and
could predict accurately behavioral thresholds in nearly all
populations (Stapells and Oates, 1997). They later conducted a
meta-analysis using nearly 30 studies in this field, including
infants and adults with or without hearing loss, demonstrating
good relationship between tone-pip ABR and behavioral
thresholds, with averaged differences of þ5.5 to �8.1 dB.
Meanwhile, Schoonhoven reported a 15e18 dB difference
between click ABR and behavioral thresholds in a hearing
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impairment population, and the presence of otitis media
increased the difference to more than 25 dB (Schoonhoven
et al., 2000). Various studies have suggested that frequency-
specific ABRs are better correlated with the pure tone audi-
ometry compared to click ABRs at octave frequencies from
500 to 8000 Hz no matter in infants or adults with or without
hearing loss (Beattie et al., 1996; Canale et al., 2012; Vander
Werff et al., 2009). These studies reported an average differ-
ence of 7e9.5 dB between frequency-specific ABRs and pure
tone audiometry, much less than that of click ABRs. More
recently, Stevens tested click and tone-pip ABRs in 94 babies
referred by universal hearing screening to explore their accu-
racy in predicting hearing loss. He found that tone pip ABRs
had a similar accuracy to that reported in adults and older
children and that tone-pip ABRs were a much better predictor
compared with click ABRs (Stevens et al., 2013).

Some researchers also studied the difference between
frequency-specific ABRs and ASSRs in predicting hearing
thresholds. Johnson and Brown made a within-subject com-
parison between the two methods in 14 subjects with or
without hearing loss. He found that frequency-specific ABR
thresholds were 3 dB closer to behavioral thresholds than
ASSR thresholds, but in some subjects with steep sloping
hearing loss, ASSRs seemed to be much more accurate
(Johnson and Brown, 2005).

Knowing its frequency-specific nature, Canale et al.
investigated the predicting value of tone burst ABRs at low
frequencies in 56 subjects divided into three groups based on
the pathogenic mechanism of their hearing loss. He recom-
mended tone burst ABRs as a good predictor of hearing
impairment in low frequencies, especially in populations with
suspected hearing loss (Canale et al., 2012). Dagna studied the
accuracy of different tone burst signals at 1 kHz in predicting
thresholds, and suggested that thresholds tested using Black-
man window stimuli were closer to the pure tone threshold,
especially in the case of suspected hearing loss (Dagna et al.,
2014). Liang at the PLA General Hospital also investigated the
frequency specificity of tone pip stimuli at different fre-
quencies. He also recommended Blackman gating and longer
duration tone pips as the best signal. Detailed test parameters
were given in the article. It seems that frequency-specific
ABRs are a good predictor of hearing loss, especially in the
hearing impaired population.

Thereafter, some studies tried to apply frequency-specific
ABRs intraoperatively to monitor the hearing integrity. Pau
used tone burst ABRs to monitor residual hearing in cochlear
implant patients, suggesting it as a possible tool of intra-
operative hearing assessment (Pau et al., 2008). Ren and Ji at
the PLA General Hospital searched for an effective intra-
operative monitoring technique that could be used under
general anesthesia in the operation room. They used 1 kHz
tone pip ABRs to assess hearing thresholds in normal subjects
and in subjects with conductive hearing loss under general
anesthesia, with comparison to their 1 kHz behavioral
thresholds. Besides, they replaced insert earphones with
loudspeakers to improve aseptic protocol compliance and
stimulus intensity. They suggested that 1 kHz tone pip ABR
testing might be an effective way to assess ossicular recon-
struction efficacy intra-operatively (Ren et al., 2016).

It seems that frequency-specific ABRs may become a better
intra-operative predictor and monitor of hearing thresholds in
ossicular reconstruction surgeries. However, more studies are
needed to optimize test parameters. Besides, the influence of
background noise and electromagnetic interference caused by
equipment in the operation room remain unpredictable, which
may adversely affect accurate threshold measurement intra-
operatively. Further studies are needed to resolve these
problems.

3. Electrocochleography (ECochG)

ECochG is a commonly used near-field measurement of
peripheral auditory function. The three main components of
ECochG are cochlea microphonics (CM), summating potential
(SP), and action potentials (AP). The former two reflect the
cochlea bioelectric function and AP is generated by the syn-
chronous firing of eighth nerve fibers and is equivalent to ABR
wave I. With the development of extra-tympanic electrodes,
ECochG has become non-invasive and is widely used in the
diagnosis of certain diseases (such as endolymphatic hydrops
and superior semicircular canal dehiscence syndrome) (Adams
et al., 2011), hearing assessment and intraoperative monitoring
of the eighth nerve and cochlea (Ruth et al., 1988).

ECochG can provide real-time information, enabling quick
responses to changes of auditory nerve function. Furthermore, it
presents relatively greater amplitudes than ABRs, making it
easier to assess cochlear status. Thirdly, because of itsmore rapid
feedback and higher signal to noise ratio than ABRs, in the
operating room, it requires relatively short time to acquire a
response. It is, therefore, perceived bymany as surpassing ABRs
as an intraoperative hearing measurement, faster, easier and
more sensitive. Lambert and Ruth were among the first to sup-
plement ABRs with simultaneous ECochG to monitor hearing
pathways in the operating room in 1988 (Lambert and Ruth,
1988). Later, ECochG was gradually separated as a possible
alternative, mainly used in cochlear implant (CI) (Wang et al.,
2006; Calloway et al., 2014; McClellan et al., 2014), cer-
ebellopontine angle (CPA) tumor resection (Morawski et al.,
2007) (such as acoustic neuroma (AN) or vestibular schwan-
noma resection), superior semicircular canal dehiscence (SSCD)
repair (Adams et al., 2011) and so on, to help protect function of
the cochlea and monitor integrity of the eighth nerve.

Some researchers have tried to use ECochG as an intra-
operative monitoring tool in middle ear surgeries. H€ohmann
suggested that it might become a promising tool to assess the
function of reconstructed ossicular chain (Hohmann, 1992).
Later, Wazen evaluated its effectiveness in CHL surgeries
(Wazen, 1994). In his study, Wazen used intraoperative
ECochG monitoring in stapedectomy and ossicular recon-
struction, and demonstrated that ECochG could verify the
functional integrity of reconstructed ossicles efficiently
(Wazen et al., 1997). Researchers have also demonstrated its
role in optimizing the position of floating mass transducer
(FMT) of Vibrant Soundbridge on the round window
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membrane (Adams et al., 2011), but no corresponding criteria
have been agreed upon for guiding FMT adjustment. However,
trans-tympanic ECochG (TT-ECochG) was used in these
studies, which could not correctly reflect acoustic transfer
function of the reconstructed ossicular chain.

As an intraoperative testing tool, ECochG has its own pitfalls.
Its reliability and validity have been questioned due to relatively
long-time persistence of ECochG potentials after complete
eighth nerve transection. Levine et al. once reported amaintained
ECochG response for 80 days in a patient after the excision of an
acoustic neuroma with no measurable hearing postoperatively
(Levine et al., 1984). Silverstein et al. also reported a patient with
persisting ECochG potentials for 25 min after a complete tran-
section of eighth nerve (Silverstein et al., 1985). Symon et al.
reported 2 of the 24 patients undergoing acoustic neuroma pro-
cedurewith ECochGmonitoring,who presentedwith a “normal”
potential despite severe hearing loss (Symon et al., 1988). These
reports led people to animal experiments. In 1962, Fisch and
Ruben recorded persisted ECochG potentials when the eighth
nerve was cut (Fisch and Ruben, 1962). Ruben et al. later re-
ported that ECochG N1 and N2 potentials could exist for nearly
48 h after complete eighth nerve transection (Ruben et al., 1962).
Wazen recorded ECochG while progressively cutting the eighth
nerve in 12 cats. Six of the 11 ears (54%) showed remaining
potentials, although with reduced amplitudes and prolonged la-
tencies (Wazen, 1994). Rosahl et al. reported immediate disap-
pearance of ABR waveforms after total sharp transection of the
eighth nerve in adult rats. However, a positive potential similar to
ABR wave Ia reappeared 2 weeks later. He suggested that early
components of hearingmonitoringmodalities, such asABRs and
ECochG, could not be used to determine integrity of the auditory
pathway (Rosahl et al., 2000). Actually, discrepancies between
animal experiments and human experiences have long been
noticed in the literature, and further studies are needed to test
auditory assessment measures. From the above review, ECochG
may work jointly with other methods to monitor hearing
intraoperatively.

Besides, intra-operative ECochG is conducted without
restoring the external canal flap and responses are recorded
with an open middle ear, potentially causing overestimation of
the hearing threshold.

Thirdly, like ABRs, the insert earphone may be blocked by
blood or serum during monitoring, consequently causing
additional conductive hearing loss and threshold shift (Pau
et al., 2008). Actually, this is a problem faced by all hearing
measurements using earplugs.

4. Auditory steady state responses (ASSRs)

ASSRs are an objective audiometry for uncooperative
populations, for example, neonates, infants, uncooperative
adults and cochlea implant patients (Rance et al., 1998; Cone-
Wesson et al., 2002; Menard et al., 2004; Oghalai et al., 2009).
Continuous and frequency specific sound stimuli can be used
to assess hearing loss at a specific frequency (500, 1000, 2000,
4000 or 8000 Hz). An advantage is objective judgement of
hearing thresholds without the need for subjective
interpretation. Series of reports have demonstrated ASSRs'
high level correlation with PTA thresholds at each frequency
in the normal hearing population (Ahn et al., 2007; Beck et al.,
2014). In subjects with hearing loss, average differences be-
tween PTA and ASSR thresholds at each frequency decrease
as the severity of hearing loss increases, suggesting ASSRs as
a more suitable assessment tool for hearing loss populations
(Hosseinabadi and Jafarzadeh, 2015). Some even compared
the accuracy of ABRs and ASSRs in measuring hearing loss.
ABRs surpass ASSRs on average, but ASSRs seem to be more
reliable in predicting auditory thresholds for hearing loss pa-
tients, especially those with steep sloping on audiograms
(Johnson and Brown, 2005; Lin et al., 2009).

Because of these advantages, more and more researchers
have investigated their utility in middle ear surgeries. On the
several parameters associated to intraoperative ASSR moni-
toring, series of studies have been conducted. Firstly, the
modulation rate in ASSR testing is crucial (Purcell and John,
2010; Rampp et al., 2016). It was reported that responses
evoked by fast modulation rates (>70 Hz) were from brainstem
and primary auditory cortices, whereas those evoked by slow
modulation rates were from superposition of most major ABR
waves (Herdman et al., 2002; Cebulla et al., 2012; Giani et al.,
2012;Muhler, 2012). Rampp et al. appliedASSRs tomonitoring
auditory nerve function in 20 patients under total intravenous
anesthesia. He recommended 90 and 110 Hz as suitable intra-
operative ASSR monitoring parameters (Rampp et al., 2014).
Secondly, various noises, including background EEG activities,
electromagnetic noise from equipment and surrounding
acoustic noises, may influence the recording. This is a common
problem facing all intra-operative tests. Some researchers
perceived ASSRs as the most anti-interference method
(Verhaegen et al., 2010), others, like Rampp, suggested that
characteristics of background noise should be analyzed first, for
it would impact the modulation choice, detection efficiency, test
time and most importantly, the error rate.

In 2010, Verhaegen used ASSRs to assess and determine
optimal positions of the floating mass transducer (FMT) in 4
patients undergoing vibrant soundbridge implantation. After
adjustment based on intra-operative test results, 13 dB hearing
improvement was detected. He suggested that intraoperative
ASSR monitoring could be a useful tool to help guide pros-
thesis placement in ossicular chain reconstruction surgeries
(Verhaegen et al., 2010). He also noted that 15 dB improve-
ment should be considered as statistically important for this
method. However, this may be considered as of minor clinical
importance, for this can be achieved by modifying the
audioprocessor gain.

Besides, like the methods mentioned above, ASSRs are also
time-consuming, averaging about 20 min. The upper limit of
sound stimulus intensity is 70e80 dB nHL due to the nature of
ASSRs.

5. Distortion product otoacoustic emissions (DPOAEs)

Otoacoustic emissions (OAEs) are noninvasive and objec-
tive measures to assess the function of cochlear outer hair
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cells. OAEs are produced by outer hair cells, from their
biomechanical motility nature, and can be divided into spon-
taneous and evoked emissions. Clinically, distortion product
otoacoustic emissions (DPOAEs) are used as a universal
method to measure the function of outer hair cells.

Filipo et al. used DPOAEs to monitor hearing improvement
in surgeries for otosclerosis. DPOAEs were detected only in 2
of the 15 patients in the study, with low amplitudes and a
narrower frequency range. At 1 month after surgery, only 4
patients showed detectable DPOAE amplitudes, suggesting
that DPAOEs may played only an auxiliary role in assessing
hearing improvement intraoperatively. Therefore, DPOAEs
may not be recommended as an intra-operative monitoring
tool on their own (Filipo et al., 2007).

6. Whisper test

Previously, middle ear surgeries were conducted under
local anesthesia, and intra-operative tuning fork test, whisper
hearing test or pure tone test were done immediately after
ossicular reconstruction. Jankowski et al. conducted whisper
hearing tests 1 m away from patients undergoing stapedoto-
mies (Teflon-piston procedure) immediately after the surgery.
High proportions of patients reported hearing improvement,
but patients showing PTA improvements in the following up
were disproportional (Jankowski et al., 2010). This may be
attributed to the following: a) patients had strong willingness
of hearing improvement from the surgical treatment; and b)
background noise interfered with the results. Thus, subjective
hearing test may be affected by more factors than objective
hearing evaluation. It seems that subjective methods are not
suitable for intra-operative hearing assessment.

7. Other methods

Besides the auditory methods mentioned above, a few im-
aging technologies such as optical coherence tomography
(OCT) have also been used in middle ear surgeries.

OCT is a non-invasive and non-contact method for imaging
structures with a resolution of micrometres. Heermann et al.
used OCT in stapedoplasty and tympanoplasty type III sur-
geries to help best determine the length and coupling position
of the prosthesis. The study suggested that all subjects showed
good auditory performances during the following up. He
recommended OCT as an efficient tool to monitor surgery
efficacy in ossiculoplasty (Heermann et al., 2002). Later, Just
et al. bound the appliance to the microscope used in surgery.
OCT was used to show the reconstructed middle ear and inner
ear structures with or without congenital abnormalities intra-
operatively to help the surgeon optimize the position of the
prosthesis. However, this kind of method have only been used
in animal experiments. The high resolution of OCT can pre-
cisely display the delicate structures of and middle and inner
ear as well as the prosthesis to help guide the surgeon during
the surgery (Just et al., 2009). OCT does provide us with
visualization of the reconstructed ossicular chain, however it
does not reflect the transfer function of the ossicular chain and
does not help finding the best position for the prosthesis.
Besides, the surgeon would receive extra radiation intra-
operatively, which can harm the health of the surgeons.

8. Discussion

Intra-operative ABR, ASSR and ECochG monitoring can
help adjust the position of the prosthesis and improve the ef-
ficacy of ossicular reconstruction surgeries. However, to better
assess intra-operative monitoring in middle ear surgeries,
following works may be needed:

Firstly, more suitable test parameters need to be deter-
mined. Since the transfer function of the reconstructed ossic-
ular chain is our main focus, specific parameters should be
defined to assess the transfer function.

Secondly, interference in the operation room needs to be
minimized. Operating room contains numerous equipment
necessary for the operation. Interference has been reported in
various studies, mainly from background noise and magnetic
disturbances caused by the equipment, which can make
interpreting test results difficult and lead to erroneous estimate
of hearing threshold (over- or underestimation). Therefore,
further studies are needed to identify means to lower such
interference.

Thirdly, criteria are needed to help determine appropriate
placement of the prosthesis. Although a number of researchers
have reported adjusting prosthesis position intraoperatively
based on threshold test feedback, no guidelines or criteria have
been proposed to guide the surgeon as to how the position
should be adjusted.

Fourthly, the monitoring test time needs to be shortened.
Undoubtedly, intra-operative monitoring is time-consuming, it
can take approximately 20 min for ECochG as a real-time
monitoring technique. Monitoring procedures need to be
simplified, or maybe specific frequencies can be chosen to
assess the average low-frequency threshold. This may greatly
reduce the monitoring test time.

In conclusion, all methods discussed above have their own
advantages and disadvantages. But it is clear that hearing
monitoring can help improve middle ear surgery quality,
reduce the rate of revision and optimize prosthesis position
during ossicular reconstruction. Undoubtedly, more research is
needed to optimize intra-operative auditory monitoring to help
improve ossicular chain reconstruction outcomes and further
improve patient quality of life.
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