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Abstract
Purpose Studies have assessed the trauma and change in hearing function from the use of otological drills on the ossicular 
chain, but not the effects of partial laser ablation of the incus. A study of the effectiveness of a novel middle-ear microphone 
for a cochlear implant, which required an incus recess for the microphone balltip, provided an opportunity to compare meth-
ods and inform a feasibility study of the microphone with patients.
Methods We used laser Doppler vibrometry with an insert earphone and probe microphone in 23 ears from 14 fresh-frozen 
cadavers to measure the equivalent noise level at the tympanic membrane that would have led to the same stapes velocity 
as the creation of the incus recess.
Results Drilling on the incus with a diamond burr created peak noise levels equivalent to 125.1–155.0 dB SPL at the tym-
panic membrane, whilst using the laser generated equivalent noise levels barely above the baseline level. The change in middle 
ear transfer function following drilling showed greater variability at high frequencies, but the change was not statistically 
significant in the three frequency bands tested.
Conclusions Whilst drilling resulted in substantially higher equivalent noise, we considered that the recess created by laser 
ablation was more likely to lead to movement of the microphone balltip, and therefore decrease performance or result in 
malfunction over time. For patients with greatly reduced residual hearing, the greater consistency from drilling the incus 
recess may outweigh the potential benefits of hearing preservation with laser ablation.

Keywords Laser Doppler vibrometry · Noise-induced hearing loss · Middle ear microphone · Equivalent noise level · 
Middle ear transfer function

Introduction

The use of high-speed drills for removing segments of the 
temporal bone is ubiquitous amongst otologists [1, 2]. One 
risk, however, of such drilling is the proximity of the cutting 
edge to the ossicular chain and the potential to catch it [3] 
thereby transmitting energy to the inner ear with possible 

damage to the Organ of Corti [4], as evidenced post-opera-
tively by pure-tone audiometry [e.g., 5] and measurement of 
otoacoustic emissions [e.g., 6]. With intentional drilling of 
the ossicular chain, for example during stapes surgery, the 
transmission of energy to the inner ear is assured [3, 7–9]. 
Laser ablation was therefore introduced to ear surgery by 
Sataloff [10]. Laser ablation is used for stapes surgery, both 
to cut the stapedius muscle and the posterior crus of the sta-
pes and to create a recess in the footplate of the stapes [for 
review see 11]. Furthermore, because of the ability to cause 
minimal trauma to surrounding tissue with laser ablation, 
it has also been used directly on the ossicular chain [12] 
and can be used to remove cholesteatoma from the ossicu-
lar chain when attempting to preserve its transfer function 
[13]. Nonetheless, whilst direct trauma is reduced using 
laser ablation, the potential damage to the inner ear through 
pressure transients remains an open question [12, 14, 15]. 
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Whether laser ablation is advantageous for other types of 
ear surgery is also an open question and will depend on the 
shape and size of cut required.

The topic is of particular relevance due to the recent 
development of novel active middle ear implants [e.g., 16, 
17] because coupling these devices requires contact with 
the ossicular chain. Middle ear microphones are a potential 
alternative to external microphones for cochlear implants 
(CIs) and also require coupling [for review see 18]. One 
option for coupling is to create a recess within an ossicle 
to house a projection such as a microphone balltip. This 
is the approach we have adopted for our implantable coch-
lear implant microphone, which we refer to as a TubeMic. 
It consists of a microelectromechanical system (MEMS) 
with the diaphragm coupled to a rod and a 0.6-mm diam-
eter ball tip that needs to be recessed into the incus body to 
increase the surface area of the contact point and ensure a 
stable connection. Before starting a feasibility study with 
CI patients, we wanted to address whether it would be bet-
ter to create the recess using drilling or  CO2 laser ablation 
in terms of preservation of the middle ear transfer function 
(the profile of stapes velocity across frequency), the level of 
noise produced by the procedure, and the ease of producing 
an appropriate recess. Laser ablation has several disadvan-
tages compared with drilling, including greater cost, reduced 
familiarity among surgeons, and the need to adhere to laser 
safety precautions. We therefore considered that drilling 
would be the preferred option unless substantial benefits of 
laser ablation could be shown, in particular for preservation 
of middle-ear function.

Several cadaver studies have estimated the noise level at 
the tympanic membrane that is equivalent to sound trans-
mission from ossicular movement caused by inadvertent 
ossicular contact by a drill [3, 7, 8]. We considered that 
the intentional drilling of the recess might require a heavier 
contact of the burr than for the imitation of inadvertent con-
tact and might therefore lead to higher noise levels as well 
as more prolonged exposure. Alternatively, accidental con-
tact of the drill with the ossicular chain when, for example, 
withdrawing the drill might lead to a greater ossicular chain 
movement and potentially dislocation or fracture. We there-
fore considered that use of a drill to create an incus recess 
required further study.

Although previous studies with cadavers [e.g., 15, 19] 
and mechanical simulations [20] have measured the equiva-
lent noise level for laser ablation of the stapes footplate, to 
our knowledge the equivalent noise level has never been 
measured for ablation elsewhere on the ossicular chain, and 
in particular during the creation of an incus recess. We fur-
ther considered that laser ablation might cause heat damage 
to the ossicular ligaments or ossicular joints, which could 
reduce the sensitivity of our TubeMic through reduction of 
the middle ear transfer function (METF). Conversely, we 

considered that the large potential ossicular chain move-
ments generated whilst drilling the incus recess could stretch 
ossicular ligaments and the additional flexibility might also 
change the middle ear transfer function.

We therefore conducted a cadaveric study to measure the 
equivalent noise level during drilling or laser ablation of an 
incus recess, and to compare the middle-ear transfer function 
before and after creation of the recess. As described below, 
the middle-ear transfer function and equivalent noise were 
measured using laser doppler vibrometry (LDV). The final 
aim of the study was to enable a comparison between the 
ease of creating the recess with each method. The study was 
combined with an investigation of the effectiveness of our 
implantable CI microphone, which immediately followed 
creation of the recess. Results of this part of the investigation 
will be reported elsewhere.

Materials and methods

Surgical

Cadaveric whole heads were prepared according to guide-
lines from the American Society for Testing Materials 
(ASTM) [21] and tympanometry was performed using a 
Kamplex KA9 Middle Ear Analyser (PC Werth Ltd).

To gain access to the middle ear, a mastoidectomy and 
extended posterior tympanotomy was performed and the 
posterior canal wall was carefully thinned to enable good 
visualisation of the stapes footplate in general. When the 
footplate was not clearly visible, the posterior crus of the 
footplate was used for LDV measurement. An epitympa-
notomy was performed sufficiently to expose the body of the 
incus fully and the recess created in the incus body was cen-
tral to minimise risk of shattering the bone. We measured the 
velocity of the stapes during formation of the recess using 
standard methods for LDV of the middle ear [e.g., 22, 23]. 
This included use of a foam tipped ear insert that was used 
to deliver sound and record the sound level in the ear canal. 
Full details of the equipment used are given in the Online 
Resource 1. LDV was also used when presenting acoustic 
tones to obtain the middle ear transfer function, which was 
normalized by the sound level in the ear canal. The laser 
beam was at an angle of 10°–50°, typically 40°, to the trans-
lational motion of the stapes footplate and measurements 
were cosine corrected for this angle [21].

Cadaver ears were randomly assigned to two experi-
mental groups: in one, the incus recess was drilled using 
a Primado 2 drill (NSK Nakanishi Inc.); in the other group 
the recess was created by laser ablation with a  CO2 Omni-
guide laser (FELS 25A, ARC GmBH, Germany) using the 
Omniguide Beampath OTO handpiece and Beampath OTO 
fibre. We report data for 23 ears from 14 fresh-frozen human 
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cadaver heads designated C1, C2 etc. with a first suffix of 
L and R for left and right ears respectively and a second 
suffix of D and L denoting recess formation using a drill or 
laser respectively (see Online Resource 2 for full experi-
ment parameters and cadaver demographics for each ear). 
We intended to collect data from 24 ears to balance condi-
tions, but data collection from one ear was aborted because 
of technical problems. The age at death of the 14 cadavers 
ranged from 61 to 101 years old with a mean of 81 years old. 
When possible, both ears of the cadaver were studied with 
randomization for which ear was dissected first.

The diamond drill bit had a diameter of 0.6 mm, except 
for cadaver C6L, for which a 1-mm diameter drill was used. 
The cutting speed was 64,000 or 80,000 revolutions per 
min (rpm). Irrigation was used during drilling except for 
a 5-s period when the velocity of the stapes was measured 
using LDV. During this period, care was taken to ensure 
that formation of the recess was carried out without touch-
ing the cadaver, the anti-vibration table (Nexus Breadboard, 
Thorlabs), or the LDV/microscope (S88, Zeiss GmbH), 
aside from the drill contact point on the incus body. For 
recesses formed by laser ablation, the power of the laser 
was set at 3 or 4 W and used multiple pulsed bursts of 400 
or 600 ms duration When simultaneously measuring stapes 
velocity, care was also taken to ensure that the LDV laser 
beam did not cross the beam for laser ablation. If necessary, 
a 20-gauge suction was used to clear “char” from the incus 
head taking care not to touch the incus where possible. The 
laser ablation was continued until the recess would house 
the balltip probe.

Calculation of the equivalent noise level

We determined the equivalent noise level at the tympanic 
membrane by offline analysis of the stapes velocity recorded 
while the drill was in contact with the incus or during laser 
ablation. The duration of the analysed segments was 1 s for 
the drill recordings and about 0.5–1.0 s for the laser record-
ings; the segment duration for laser ablation varied because 
it was more difficult to determine when the ablation took 
place because the changes in velocity were close to the 
baseline level. Unintentionally, no equivalent noise measure-
ments were made for C2R-D or C12L-L. We calculated the 
spectrum of each segment, using the discrete Fourier trans-
form where the segments were weighted by a Bartlett win-
dow to reduce frequency leakage [24]. The magnitude spec-
trum was then scaled by the normalized middle ear transfer 
function for the cadaver to get the equivalent pressure at the 
tympanic membrane (or more precisely the location of the 
probe microphone) at each frequency, which we report as a 
sound pressure level in decibels. To enable comparison with 
results from Jiang et al. [8], we also calculated the equivalent 

noise level in 1/3 octave bands centred at 500 Hz, 1000 Hz, 
2000 Hz, and 4000 Hz.

METF outlier detection

The ASTM have proposed criteria [21], which we refer 
to as the Rosowski criteria [25] for determining whether 
METFs from a cadaver fall within a normative range. These 
were subsequently modified [23] but neither the original or 
modified Rosowski criteria are statistically valid because 
of the use of the 95% confidence interval, which relates to 
the precision in the estimate of the mean and not directly 
to the variance of individual samples from the population 
[25]. We have therefore rejected extreme METFs based on 
the median absolute deviation (MAD) around the median of 
METFs [26]. To ensure that the data are normally distributed 
(see Results), the MAD was based on the logarithm (to base 
10) of the normalized velocity at each frequency. We took 
data points in an METF to be outliers if they were more 
than 3 MAD away from the median, which is considered 
data-conservative [26]. If, however, all data from a cadaver 
is rejected when one or more data points in a METF exceed 
the MAD criteria then it becomes highly likely that data are 
rejected because of the multiple comparisons. Moreover, it 
is not easy to correct for multiple comparisons because the 
correlation between each data points across frequency is not 
known. As a somewhat arbitrary simplification, we exclude 
data from a cadaver from further analysis only if the METF 
measured before creation of the incus recess had outliers at 
three or more frequencies over the frequency range.

Outlier detection was implemented in Excel 2016 (Micro-
soft Corporation) and the raw METF data and the analysis 
are given in Online Resource 2. All inferential statistical 
tests are for two-tailed hypotheses.

Results

To determine whether the middle ear of individual cadav-
ers met physiological norms, we measured the middle ear 
transfer function of the stapes at the start of each experi-
ment. In common with previous studies, the METFs across 
individual cadavers were quite variable (see Online Resource 
2), particularly above 4 kHz, but tended to have a peak at 
1-kHz with a further peak at high frequencies that is likely 
to be due to resonance of the ear canal. The frequency of 
this peak varied between ears, possibly reflecting differ-
ences in ear canal volume or variations in the placement of 
the ear insert. Outlier rejection based on the MAD criteria 
given in the Methods led to data from five cadavers (C1L-
L, C3L-L, C4R-D, C5R-L, and C5L-L) being rejected from 
further analysis; we note that excluded data tended to come 
from earlier experiments in the study. Eight of the twenty 
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three ears had a peak compensated static admittance of the 
middle ear (“acoustic admittance “) slightly lower than 
the normative in vivo range (0.3–1.6 mmho) [27], i.e. they 
were slightly stiff, but no relation was observed between the 
METFs and the tympanometry measurements (see Online 
Resource 2 for individual tympanometry data). No obvious 
middle ear fluid was detected.

The raw METF data were not normally distributed but 
met the criteria for normality when a log transformation 
was applied (see Online Resource 2). We therefore meas-
ured the central tendency and spread at each frequency of 
the pooled METFs using the geometric mean and geomet-
ric 95% confidence interval rather than the arithmetic mean 
and arithmetic confidence interval. The geometric mean was 
marginally outside the modified Rosowski criteria between 
about 1.5 and 3 kHz but the geometric 95% confidence inter-
vals included the criteria levels at all frequencies (Fig. 1). 
As discussed later, however, there was a tendency for the 
geometric mean of the METFs to deviate from the lower 
bound of the modified Rosowski criteria to the upper bound 
above 3 kHz; the geometric 95% confidence intervals were 
also larger above 3 kHz. Nonetheless, the normalized sta-
pes velocities at the start of the study appear to be within 
the normative range expected and we therefore regarded the 
remaining cadavers to be in good physiological condition.

Drilling a recess into the incus at either 64,000 or 
80,000 rpm, led to an increase in the stapes velocity that 
was substantially above the baseline level (see example for 
C7R-D in Fig. 2a, which shows increased velocity between 
about 1.5 and 5 s). During the drilling, the spectrum of the 
LDV signal was always periodic with a fundamental fre-
quency of typically about 1330 Hz and had multiple har-
monics (e.g., Fig. 2b). At these harmonics, the peak sound 
pressure level at the position of the tympanic membrane that 
would have led to equivalent stapes motion was substantial 
and ranged from 131.6 to 163.0 dB SPL with a median of 
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Fig. 1  Geometric mean (thick solid line) and 95% confidence inter-
val (shaded grey region) of the 18 METFs that satisfied the inclusion 
criteria. The modified Rosowski criteria [23, 25] are shown by the 
dashed lines

Fig. 2  Example waveforms (left 
panels) and equivalent noise 
spectra (right panels) of Laser 
Doppler vibrometry recordings 
made during formation of an 
incus recess by drilling (top 
panels, cadaver C7R-D), or laser 
ablation (bottom panels, cadaver 
C10L-L). The waveforms show 
the velocity of the stapes and 
the equivalent noise spectra 
show the sound pressure level 
(SPL) across frequency of an 
acoustic signal at the position of 
the ear insert that would lead to 
equivalent energy at the stapes 
due to the drilling or ablation. 
The vertical reference lines in 
the plots of stapes velocity show 
the time windows used in the 
spectral analysis. Note that the 
waveforms for the drilling (a) 
and laser ablation (c) are shown 
on different axes
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147.9 dB SPL; a Mann Whitney U test with 5 measurements 
at each speed indicated that there was no significant differ-
ence between the peak noise level for drill speeds of 64,000 
and 80,000 rpm (U = 4.00, p = 0.142). In contrast, laser abla-
tion led to at most a small increase in stapes velocity above 
baseline (see example for C10L-L in Fig. 2c, which shows 
a slight increase in velocity due to laser ablation between 
about 1.8 and 2.3 s), and for many cadavers it was not pos-
sible to determine from the LDV signal when ablation had 

occurred. The spectra of the LDV signals (e.g., Fig. 2d) were 
aperiodic.

A comparison of the equivalent noise level at the position 
of the ear insert is shown in Fig. 3 for four 1/3 octave fre-
quency bands centred at 500 Hz, 1 kHz, 2 kHz, and 4 kHz. 
With drilling, the median sound level in each of the fre-
quency bands was 103.1, 103.7, 124.7 and 139.2 dB SPL, 
respectively. These median levels were substantially greater 
than those measured in the corresponding bands for laser 
ablation, which were 58.8, 49.5, 59.4, and 68.1 dB SPL, and 
a Mann–Whitney U test indicated that the difference was 
significantly different in each band (U = 0.00, p < 0.001 for 
all bands). Given that laser ablation led to at most marginal 
changes to the stapes velocity, the equivalent noise measure-
ments are largely indicative of the background noise in the 
dissection room. For the drilling, the equivalent noise level 
was greater at high frequencies and a Wilcoxon signed-rank 
test indicated that the level difference between the 500 Hz 
and 4 kHz band was significant (Z = − 2.666, p = 0.008, 
r = 0.89).

The change in the normalized velocity of the stapes fol-
lowing formation of the incus recess by a drill or laser are 
shown for individual cadavers in Fig. 4. Following drill-
ing there was more than a 6 dB increase in the normalized 
velocity for six of the nine cadavers (C1R-D, C2R-D, C6L-
D, C7R-D, C11R-D and C12R-D), and the increase was 
particularly notable for frequencies above 2 kHz. There 
was no evident pattern between the drill diameter or drill 
speed and the increase in stapes velocity. For frequencies 
below 2 kHz, there was generally no change in the normal-
ized velocity, although for two cadavers (C1R and C6L) 
there was a notable increase and for two cadavers (C2R-D 
and C11R-D) there was a notable decrease. In contrast, the 
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change in normalized velocity appeared to be more con-
sistent following the formation of the recess using a laser. 
For all eight cadavers there was no notable change in the 
normalized velocity below 2 kHz. Above 2 kHz, there was 
a greater change in the normalized velocity for individual 
cadavers and three of the eight cadavers had an increase in 
normalized velocity above 6 dB. The proportion of cadav-
ers, however, that had a change in normalized velocity 
above 100% was not significantly different for recesses 
made with a drill or laser (Fisher’s Exact Test, p = 0.347).

To enable a more in-depth statistical analysis across fre-
quency, the change in normalized velocity for each cadaver 
was averaged over the whole frequency range and over 
three sub-bands: up to 1000 Hz, 1000 Hz up to 4000 Hz, 
and over 4000 Hz. As shown by the Box–Whisker plots 
in Fig. 5, four outliers in the sub-bands were for recesses 
made with the drill and three were with the laser but the 
median change following drilling or laser ablation were 
approximately the same across all frequency sub-bands. 
Mann–Whitney U tests indicated that there was no signifi-
cant difference in recess creation method on the change in 
normalized velocity across the whole frequency range or 
for the three sub-bands (all frequencies: U = 33, p = 0.815; 
up to 1000 Hz: U = 29, p = 0.541; 1000 Hz up to 4000 Hz: 
U = 29, p = 0.541, and over 4000 Hz: U = 32, p = 0.743).

Discussion

The METFs we recorded had lower normalized stapes 
velocity than many studies [23, 25], but below 3 kHz the 
METFs were comparable to those observed by Voss et al. 
[22] that were included in the analysis to create the origi-
nal and modified Rosowski criteria [21, 23]. Above 2 kHz, 
our METF increased with frequency, which, whilst within 
the bounds of the original criteria, contrasts those pub-
lished by many other groups [for comparative data see 23, 
25]; we note, however, the same increase with frequency 
in 4 of the 6 ears in recent data from Hartl et al. [7]. None-
theless, at 4 kHz, our mean METF is about 10 dB higher 
than might be expected. This increase is likely associated 
with the resonance of the air gap between the ear insert 
and the tympanic membrane. Greater variability in the 
response above 3 kHz is known [21, 23] and presumably 
explains why the ASTM criteria are limited to frequen-
cies below 4 kHz. We were aware while conducting our 
study that the original and modified Rosowski criteria have 
been applied inappropriately [25] and this has likely led 
to the exclusion of possibly valid data in previous studies. 
Once the ear insert position was established in this study, 
we were therefore cautious not to adjust its position in 
case we inadvertently biased our recordings. We consid-
ered it appropriate to exclude ears based on their METF 
data in this study as described above, but we nonetheless 
consider it desirable that research groups pool new data 
so that the useful ASTM standard can be modified and 
used as the sole basis of exclusion in future studies. We 
have made our data available in Online Resource 2. The 
comparison of stapes mobility following formation of the 
incus recess used the percentage change in the transfer 
function and therefore was not affected by any resonance 
because this would have been constant during each experi-
ment. Nonetheless, the calculation of the equivalent noise 
level during drilling or laser ablation used the METF 
of each cadaver. If our METFs are indeed about 10 dB 
higher than expected, then our calculation of equivalent 
noise level for the 4 kHz band may equivalently be about 
10 dB lower than expected. This difference, however, is 
substantially less than the approximately 70 dB difference 
between the median equivalent noise levels for drilling and 
laser ablation for the 4 kHz band and would not therefore 
be expected to change the conclusion that the equivalent 
noise level was substantially greater for drilling.

As discussed above, our temporal bone studies showed 
drilling a recess in the incus can lead to a stapes velocity 
comparable to high intensity acoustic stimulation. Using 
a 0.6 mm or 1 mm diamond burr on the incus body, peak 
noise levels equivalent ranged from about 131.6–163.0 dB, 
which is similar to the range of 134 to 165 dB SPL found 
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by Hartl et al. [7] and the range of 130 to 150 dB SPL 
found by Helms (1976). In common with Helms [3] and 
Jiang et al. [8], but not Hartl et al. we found that equivalent 
noise was greater in higher frequency bands.

We found no difference in the equivalent noise levels for 
drill speeds of 64,000 and 80,000 rpm. Data here are limited 
(with 5 measurements at each speed) but are consistent with 
Hartl et al. [7], who found no difference for drill speeds from 
20,000 to 80,000 rpm on the incus, and Kylén et al. [2], 
who found that drill speeds from 16,000 to 25,000 rpm led 
to only a led to less than a 5 dB change in equivalent noise 
level when drilling cortical bone.

We found that when drilling with a cutting burr the 
recordings of stapes velocity were periodic, as evident by 
harmonics in the amplitude spectrum. Dalchow et al. [28] 
observed periodicity only with a diamond burr drill, which 
has irregular-sized diamond pieces attached to the steel 
head, but not with a cutting burr, which has a more precise 
shape. This periodicity with a cutting burr, however, is also 
evident in Fig. 5 of the study by Jiang et al. [8] with harmon-
ics of 500 Hz although the authors do not comment on it.

The stapes velocity during laser ablation of the incus 
body increased marginally above the baseline measurement 
in some ears, but in most ears no change in velocity was 
observed. It is therefore very unlikely that there is any sig-
nificant acoustic trauma caused by using laser ablation on 
the incus body with a  CO2 laser. This agrees with previous 
studies for the use of  CO2 [29] and erbium-doped yttrium 
aluminium garnet laser [19, 20] for stapedectomy. Nonethe-
less, our experience was that it was easier to create a 1-mm 
diameter recess that was consistently shaped and sized to 
house the metallic ball tip of our TubeMic by drilling than 
with laser ablation using the  CO2 laser. Even the narrowest 
laser beam induced variable damage to surrounding bone 
that led to variations in the shape and size of the recess after 
“char” was removed. Because an inadequate recess is more 
likely to lead to movement of the microphone balltip, and 
therefore potentially cause malfunction or decrease micro-
phone sensitivity over time because of poor coupling, we 
consider that the greater consistency from drilling the incus 
recess may outweigh the potential benefits of hearing preser-
vation with laser ablation; this is particularly so for patients 
suitable for cochlear implantation.

Before the experiments we considered that the known 
high-noise level during drilling might cause laxity of the 
ossicular ligaments or joints through stretching and that 
laser ablation might affect the ossicular ligaments and 
joints through heating. Both effects could have potentially 
reduced the transfer function of the middle ear and would 
have been consequential for use of the TubeMic microphone 
attached to the incus as it would reduce the sensitivity of the 
microphone. We found, however, that although the METF 
increased more after drilling than laser ablation of the incus, 

particularly at higher frequencies, this did not reach sig-
nificance. Furthermore, because the equivalent noise level 
for laser ablation was barely above the baseline levels this 
change could not be the result of trauma and the changes 
may have resulted from movement of the ear insert during 
creation of the recess; this may also have been the case for 
drilling. Theoretically, changes in METF post laser abla-
tion could be caused by thermal damage to the surrounding 
ligaments but, given that we did not observe any increased 
stiffness in our data, thermal damage seems unlikely. We 
therefore found no evidence for choosing between drilling 
and laser ablation on the basis of the METF.

Conclusions

This study, the first to directly compare the use of drilling 
and laser ablation on the ossicular chain, found that drilling 
generated higher equivalent noise levels than laser ablation 
but found no significant difference between using a drill or 
laser ablation on the METF. Whilst the noise level may be a 
consideration for more general middle-ear microphones or 
actuators, it is less so for our TubeMic, which is intended 
for patients who already have a severe-to-profound hearing 
loss. Our experience was that drilling produced a more con-
sistent recess for the balltip of our middle-ear microphone, 
which was the most important consideration on our study. 
Moreover, given that laser ablation also has the further dis-
advantages of greater cost, lower accessibility, and greater 
inconvenience during surgery with laser precautions, we 
regard the reduced equivalent noise as insufficient grounds 
for using laser ablation to create the incus recess for our 
TubeMic. We therefore intend to use drilling in a field study 
that has been approved to test the TubeMic with CI patients.
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