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Hypothesis: That increased insertion speed is associated with increased

intracochlear pressure variation.

Background: Preservation of residual hearing is an important goal of modern

cochlear implant surgery. Many factors, including intracochlear pressure

changes during insertion, are thought to be significant in the preservation of

residual hearing through the reduction in intraoperative trauma to the cochlea.

Methods: Participants at a cochlear implantation hearing preservation workshop

open to surgeons and audiologists were invited to participate in a challenge

to insert a cochlear implant electrode into an in-vitro model of a cochlea.

Intracochlear pressure variation was measured as a surrogate marker for

intracochlear trauma against insertion speed,method of insertion,moisturization

of the electrode, and participant experience.

Results: The study demonstrated that the relative experience of a surgeon

and the speed of insertion were significant for maximal intracochlear pressure

variation. The more experienced participants were likely to demonstrate lower

pressure variation, and a slower insertion on average produced significantly

smaller pressure changes than faster insertions. No other variables were deemed

significant for maximal intracochlear pressure variation.

Conclusion: Surgeon experience and speed of implant insertions were

significant factors in the reduction of intracochlear pressure variation during

cochlear implantation simulations

KEYWORDS

cochlear implantation, hearing preservation, intracochlear pressure changes, cochlear

implants, soft surgery

1 Introduction

It has long been recognized that the act of inserting an electrode into the

cochlea has the potential to damage inner ear structures. Initially, it was deemed

acceptable to risk residual hearing loss in severe to profoundly deaf individuals (Boggess

et al., 1989). However, as research advanced there was an increasing realization

of the importance of preserving hearing function, leading to a shift in emphasis.
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The term “soft surgery” was first used in 1993 to describe

the surgical intent of preserving inner ear structures (Lehnhardt,

1993), and heralded further research commending the importance

of structure preservation in cochlear implantation, including

functional hearing benefits, vestibular preservation, and

preservation of intracochlear structure for potential future

therapies. This has resulted in a broader understanding of

the nature of the trauma to the cochlea, and highlighted the

vulnerability of the basilar membrane and Organ of Corti, as

well as the secondary involution of spiral ganglion cells due to

inflammation and fibrosis (Fayad et al., 1991; O’Leary et al., 1991;

Welling et al., 1993; Shepherd et al., 1995; Nadol, 1997). Clinically,

it has been established that preserving residual hearing during

cochlear implantation leads to improved speech recognition,

speech perception in noisy environments, sound localization

(Ching et al., 1998; Hogan and Turner, 1998; von Ilberg et al.,

1999, 2011; Hochmair, 2001; Gstoettner et al., 2004, 2011; James

et al., 2005; Huarte and Roland, 2014; Nguyen et al., 2016), and

music perception (Brockmeier et al., 2010). Further, it has been

established that the two methods of hearing are complementary

rather than competitive following rehabilitation. In his 2014

paper, Skarzynski et al. (2014a) found that subjects with stronger

preoperative low-frequency hearing experienced equal or greater

improvements in speech perception, therein suggesting that

cochlear implantation can have an additive and synergistic effect

on hearing. Unfortunately, rates of residual hearing preservation

remain inconsistent. Specialized research groups and surgical

centers may report rates of residual hearing preservation as high

as 80–92% (Skarzynski et al., 2014b; Gautschi-Mills et al., 2019),

however larger cohorts typically report much lower rates (Carlson

et al., 2011; Gendre et al., 2022).

Initial studies investigating the causes of residual hearing

loss identified key histopathological events, such as basilar

translocation, as critical incidents during structure preservation

implantation. However, even with major advances in soft surgery

techniques, 100% hearing preservation remains elusive. With speed

(Rajan et al., 2013), CSF gusher (Crohan et al., 2018), and

electrode stabilization (Bruce and Todt, 2018) all demonstrating a

significant effect on hearing preservation, it is generally accepted

that minimizing intracochlear pressure variation has a significant

role in structure preservation.

Greene et al. (2016) made an important contribution to

understanding the significance of intracochlear pressure variation

by explaining and demonstrating how the two pressure levels (of

the external auditory canal and intracochlear pressure levels) were

comparable during surgical implantation. With duration of ∼0.2 s,

or 5Hz, surgical intracochlear pressure variation is comparable to

blast trauma, which has known pathophysiological effects on the

inner ear (Reed, 1977; Cho et al., 2013). As such, a particularly

good insertion in a model may see a transient rise in pressure of

∼100 Pa inside the cochlea, and a poor insertion possibly∼2.0 kPa

(Todt et al., 2014, 2016). This translates to a sound level of

∼133 dB for a good insertion and 160 dB for a poor insertion. In

addition to sensible attempts to reduce histological trauma to the

ear, future methodology for hearing preservation during cochlear

implantation should hold the reduction of intracochlear pressure

variation as an important goal for surgery. Unfortunately, there

is no basis for typical intracochlear pressure variation during a

standard insertion, as no previous study has published a cohort

of insertions performed by a large group of surgeons to establish

this fact. Many in-vitro studies have been published looking at

various factors, but these have always consisted of 1–2 people

conducting insertions. To address this gap in literature, this study

was designed using a large number of participants in an in-

vitro setting. Data collection took place in November 2017 at a

hearing preservation workshop in Perth, Western Australia, where

surgeons, audiologists and other attendees participated in the

“Insertion Challenge”, whereby participants were invited to insert

a CI electrode as atraumatically as possible, into an In-Vitromodel,

with intracochlear pressure variation used as a surrogate marker for

trauma. The results were collected and analyzed to produce a large

group of insertions from a varied cohort of participants.

2 Methods and materials

2.1 Model

A Perspex model (see Figure 1), previously used and described

extensively in other in-vitro studies (Mittmann et al., 2014, 2016),

was used for insertions. The opening of the round window was

1.5mm in diameter. The model was made with a 3D printer,

produced by MED-EL (MED-EL, Innsbruck, Austria). The model

was designed to be approximately the same dimensions of a human

cochlea, but it consisted of one single lumen, rather than three

separate lumens to represent the individual scala. This was due to

material constraints and is supported by studies showing only a

small difference in pressure changes between different scala during

electrode insertion.

The pressure sensor was inserted into the apex of the cochlear

through a water-tight channel and sealed with fibrin glue, whilst

the electrode was inserted into the round window. The model was

inspected microscopically for bubbles and was filled with deionized

water to the round window brim prior to each insertion. Deionized

water was deliberately chosen because of a tendency for ionized

water to leave behind crystalline precipitate within the model on

evaporation, compromising repeat insertions. Whilst deionized

water is less viscous than ionized water, the extent of this difference

is several orders of magnitude less than what is required to be

experimentally significant (Qasem et al., 2021).

A 28mm Flex28 MED-EL dummy electrode was used for

all insertions. Accordingly, the electrode used was identical to a

functioning electrode, but was de-functioned for the purpose of the

surgical procedure and challenge. Multiple electrodes were used for

the purposes of the experiment, with visual inspection to ensure the

electrode was not appreciably kinked or damaged prior to usage.

If an electrode broke or was deemed unsuitable for further use, it

was replaced.

2.2 Pressure sensor

Intracochlear pressure variation was measured using a

mechano-optical pressure sensor that has been previously used in
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FIGURE 1

Example setup with perspex cochlea model fixed in clamp and under 3x magnification on screen pictured. Also pictured is the Evolution Software on

computer, pressure sensor and sensor module.

FIGURE 2

Demonstration of intracochlear pressure changes during example insertion. The magnitude of the pressure change (marked with the black line) is the

maximal intracochlear pressure change.

in-vitro studies (Mittmann et al., 2014, 2016, 2017; Todt et al.,

2014). Designed to measure organic pressure changes in the inner

ear, intracranially or endovascularly amongst other applications,

the sensor has an end diameter of 250µm. Pressure was

measured in kilopascals (kPa), and the system has a resolution of

0.013 kPa.

The maximal pressure variation was calculated by examining

each insertion andmeasuring the largest single variation in pressure

within the measured insertion (Figure 2).

2.3 Insertion challenge

Attendees at a large hearing preservation workshop were

invited to participate in a challenge to insert a cochlear implant

electrode into a Perspex model in a minimally traumatic fashion.

Participants were made aware that the results were being recorded

and gave written consent for this on the basis that data was de-

identified. Participants were asked to insert the electrode in a

manner that would best preserve residual hearing in an in-vivo

setting (i.e., a “soft surgery” technique).

Participants were given the option of using an angled

microforceps, an electrode claw or their hands for the insertion.

Participants could also decide whether to use a dry or a moistened

electrode for insertion by moistening the tip with saline prior

to insertion.

The maximal intracochlear pressure transient was recorded for

each insertion, as was the speed of implantation, determined by

the total duration of insertion. Participants were categorized on

their level of experience. Participants were asked whether or not

they were a surgeon (Non-surgical), and if so then whether they

performed cochlear implantation “regularly” (an Otologist) or not

(General ENT surgeon). “Regularly” was loosely defined as ∼20

implants per year, with an appropriately lower threshold when
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considering experience. Experienced professors of Otology were

thus considered as performing “regularly”.

2.4 Statistical analysis

Inbuilt imprecision of the pressure sensor was known and was

also demonstrable during the preliminary testing. The pressure

sensor had an inbuilt error of±0.005 kPa.

Statistical analysis was performed using R. The function “lm”

and “aov” was used to conduct the linear regression and one-way

ANOVA, respectively. Post-hoc analysis was conducted using the

“TukeyHSD” function.

A linear regression analysis was performed, measuring the

maximal pressure variation against speed of insertion, controlling

for various several factors: instrument vs. hand-held; wet vs. dry;

and participant’s degree of experience.

A one-way ANOVA was conducted separately to investigate

the effect of experience, insertion method, and moistening of the

electrode on maximal pressure variation.

TABLE 1 Independent insertion variables and the number of insertions for

each variable.

Surgeon experience n Environment n

Otologist 15 Wet insertion 29

General ENT consultant 19 Dry insertion 12

Non-surgical 7

Method of insertion n

Instrument 21

Hand-Held 20

3 Results

A total of 41 complete insertions were performed in the

challenge (see Table 1). This included 15 by otologists, 19 by general

ENT surgeons and seven by non-surgical participants.

Twenty one participants used an instrument, whereas

20 participants elected to perform the insertion with

their hands. Although an electrode claw was available, all

participants who used an instrument elected to use the

angled microforceps to insert the electrode, citing that an

electrode claw was not as effective or serviceable in an

in-vitro setting. Twenty nine insertions were performed

with a moistened electrode and 12 were performed with a

dry electrode.

Linear regression analysis demonstrated a significant inverse

relationship between intracochlear pressure and duration of

insertion (p< 0.001, R2 =−0.0008865± 0.00023). Thus, speed was

found to be a significant factor affecting maximum intracochlear

pressure variation, with fast insertions being associated

with greater pressure changes compared to slow insertions

(see Figure 3).

Surgical experience was also found to be associated with

reduced pressure changes (see Table 2). A one-way ANOVA

revealed that there was a significant main effect of experience

on maximal pressure variation [F(2) = 9.513, p < 0.001∗] (see

Figure 4). A Tukey Post-hoc test revealed a significant difference in

maximal pressure variation between non-surgical participants and

general ENT consultants (p < 0.0038), and between non-surgical

participants and otologists (p = 0.0003). No significant difference

was observed between otologists and general ENT consultants

(p= 0.4956).

One-way ANOVA revealed that there was no difference

between maximal pressure variation and method of insertion [F(1)
= 1.513, p = 0.226] (see Figure 5), nor did moistening of the

FIGURE 3

Speed vs. maximal transient intracochlear pressure variation. Time of insertion was taken as a surrogate marker for speed, with quicker insertions

taking less time to complete. There was an inverse relationship between speed and intracochlear pressure variation.
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TABLE 2 Results of maximal transient intracochlear pressure variation against independent variables tested.

Surgeon experience Maximal transient intracochlear pressure variation [kPa (SD)] P-value

Otologist 0.106 (0.0577) 0.001

General ENT consultant 0.122 (0.0528)

Non-surgical 0.189 (0.0554)

Method of insertion

Instrument 0.138 (0.0573) 0.226

Hand-held 0.128 (0.0606)

Environment

Wet insertion 0.124 (0.0583) 0.239

Dry Insertion 0.159 (0.0540)

FIGURE 4

Surgeon experience vs. maximal transient intracochlear pressure variation (p < 0.001). The *symbol denotes a significant di�erence between the

Non-surgical cohort and both General ENT surgeons and Otologist surgeon cohorts.

electrode tip confer any difference uponmaximal pressure variation

[F(1) = 1.431, p= 0.239)] (see Figure 6).

A final linear regression analysis was performed with the non-

surgical cohort excluded. This again demonstrated a significant

inverse relationship between intracochlear pressure and duration of

insertion (p < 0.001, R2 = −0.0005608 ± 0.0002247), confirming

that speed of insertion has a significant impact on intracochlear

pressure variation during cochlear implantation using this in-

vitromodel.

4 Discussion

In this study, speed had a significant positive correlation

with increased intracochlear pressure variation. Regression analysis

demonstrated a coefficient of −0.0008865 kPa/s, or a reduction of

0.63 Pa of pressure for each extra second taken during insertion,

assuming a linear relationship. This finding is consistent with the

literature, with multiple studies demonstrating that a slow speed of

insertion reduces intracochlear pressure variation (Todt et al., 2014;

Greene et al., 2016; Banakis Hartl and Greene, 2022) and improves

residual hearing outcomes (Rajan et al., 2013). When compared

with the existing literature, this study includes the greatest

number of specialist trained surgeons conducting insertions. The

previous highest number of participants with specialist surgical

training being involved in a study of factors influencing hearing

preservation was 3 (Rajan et al., 2013). A notable previous in-

vitro study recruited 13 non-specialist trained surgeons (ENT

residents in training) (Greene et al., 2016) to undertake cochlear

implant insertions, but this number is significantly below the 34
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FIGURE 5

Method of insertion vs. maximal transient intracochlear pressure variation (p = 0.226).

FIGURE 6

Environment vs. maximal transient intracochlear pressure variation (p = 0.239). In a wet environment, the electrode was moistened prior to insertion.
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surgeons involved in our study. The speed of insertion remains a

crucial factor in cochlear implantation literature, supporting both

the study’s scientific validity and the importance of speed despite

surgical participant heterogeneity. Additionally, the definition of

a coefficient of speed has not previously been presented within

the literature, and is only possible in this study through the large

number of insertions with granular detail of pressure variation

against a number of different speeds of insertion. Caution should be

taken with interpreting this figure, however, given the assumption

of a linear relationship. Nevertheless it is a significant addition to

the literature.

Regression analysis showed that surgical experience was

significant for a reduction in pressure changes. The inclusion of

non-surgical participants is important, as it creates a baseline that

allows for the clear demonstration of principle—that operator

experience is important for reduction in intracochlear pressure

changes during cochlear implantation and thus likely to be relevant

in the context of hearing preservation cochlear implant surgery.

The importance of experience on surgical outcome is not

unique to cochlear implantation, with other otological procedures

(Bedri et al., 2019) and surgical disciplines (Schmidt et al., 2010;

Cahill et al., 2018) reporting an association between surgeon

experience and surgical outcomes. Cochlear implantation is an

advanced ENT procedure, and it could be expected that a dedicated

otologist would have performed more implantation procedures

than a general ENT consultant. The effect of this, however, was

not clearly demonstrated in the current study. Some “general”

ENT consultants included in this study had performed a significant

number of cochlear implant surgeries. For future studies it may

therefore be more appropriate to define experience objectively, by

the number of surgeries performed, rather than rely on participants’

subjective definition of their level of experience. Additionally,

the degree of technical training the surgeon had received in

cochlear implantation may have had an impact on outcome

as well.

The act of moistening the electrode was not found to be

statistically significant (p = 0.550). The basis for moistening the

electrode comes from a small in-vitro study that demonstrated

lower intracochlear pressure variation with a moistened electrode

(Todt et al., 2016). The authors hypothesized that that moisturizing

the electrode may counteract naturally hydrophilic properties of

a silicone electrode. Some studies have found a positive effect

from underwater insertion (Riemann et al., 2020; Stuermer et al.,

2018), further supporting this concept, however the significance

of this variable has been questioned (Stuermer et al., 2018) and

our study did not demonstrate any positive effect from this

intervention. Furthermore, the method of moistening the electrode

in our study was inconsistent: some participants dipped the

electrode in water, while others poured water over the electrode.

It is uncertain whether the heterogeneity of preparation affected

pressure variation.

The use of an instrument to insert the cochlear implant

electrode did not demonstrate any significant relationship with

intracochlear pressure variation (p = 0.722). This finding has

not been explicitly assessed by other studies in the published

literature. While previous studies have investigated the use of a

stylet for the insertion of perimodiolar electrodes (Ucta et al.,

2021; Todt et al., 2017), this is not comparable. Nevertheless, in

the in-vivo setting anatomical considerations preclude a hand-held

insertion, and use of an instrument is a requisite. Interpretation

of this finding should therefore be contextualized to the in-

vitro setting.

This study does not assess the impact of different

types of electrode (lateral wall, perimodiolar and mid-

scalar electrodes) on intracochlear pressure variation

during cochlear implantation, nor does it assess other

variables that previously been found to be significant in the

literature, including trajectory of insertion (De Seta et al.,

2017; Shapira et al., 2011) and insertion angle (Avci et al.,

2017). It would be interesting to investigate the effect of

these variables on intracochlear pressure variation during

cochlear implantation.

While electrodes were inspected prior to re-use, to ensure

they were not kinked or otherwise deformed, the re-use of

electrodes in our study present an additional potential limitation.

This is clearly at odds with the in-vivo situation and under

ideal circumstances a new electrode would be used for each

in-vitro insertion. Anecdotally, the author has noted that pressure

changes are higher with the use of an obviously kinked electrode,

particularly with changing insertion vectors at the basal turn of

the cochlea.

This study highlights the importance of slow insertion

speed in minimizing intracochlear pressure changes during

cochlear implantation, with the expectation that this would

minimize intracochlear soft tissue disruption, inflammation,

fibrosis and loss of residual hearing. The study also

demonstrates the positive effect that surgical experience

has on intracochlear pressure variation during cochlear

implantation. Further studies are needed to investigate

the effect of other variables on intracochlear pressure

variation and in turn assess for clinical correlation in the

in-vivo context.
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