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The optimal placement of a cochlear implant (CI) electrode inside the scala 
tympani compartment to create an effective electrode–neural interface is the 
base for a successful CI treatment. The characteristics of an effective electrode 
design include (a) electrode matching every possible variation in the inner ear 
size, shape, and anatomy, (b) electrically covering most of the neuronal elements, 
and (c) preserving intra-cochlear structures, even in non-hearing preservation 
surgeries. Flexible electrode arrays of various lengths are required to reach an 
angular insertion depth of 680° to which neuronal cell bodies are angularly 
distributed and to minimize the rate of electrode scalar deviation. At the time of 
writing this article, the current scientific evidence indicates that straight lateral 
wall electrode outperforms perimodiolar electrode by preventing electrode 
tip fold-over and scalar deviation. Most of the available literature on electrode 
insertion depth and hearing outcomes supports the practice of physically placing 
an electrode to cover both the basal and middle turns of the cochlea. This is only 
achievable with longer straight lateral wall electrodes as single-sized and pre-
shaped perimodiolar electrodes have limitations in reaching beyond the basal 
turn of the cochlea and in offering consistent modiolar hugging placement in 
every cochlea. For malformed inner ear anatomies that lack a central modiolar 
trunk, the perimodiolar electrode is not an effective electrode choice. Most of 
the literature has failed to demonstrate superiority in hearing outcomes when 
comparing perimodiolar electrodes with straight lateral wall electrodes from 
single CI manufacturers. In summary, flexible and straight lateral wall electrode 
type is reported to be gentle to intra-cochlear structures and has the potential 
to electrically stimulate most of the neuronal elements, which are necessary in 
bringing full benefit of the CI device to recipients.
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Introduction

The World Health Organization estimates that approximately 430 million individuals with 
hearing loss require treatment (1). Cochlear implants (CIs) are a widely accepted treatment 
option for those whose hearing threshold is ≥70 dB, which is considered severe-to-profound 
sensorineural hearing loss (2). A CI consists of an external audio processor and implantable 
components. The external audio processor receives sound signals and converts them to digital 
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signals based on sound frequencies, which are then applied to the 
electronics in the hermetic case through an inductive link. The 
electronics in the hermetic case convert the digital signal to electrical 
impulses and send them to the scala tympani (ST) compartment of 
the cochlea through the electrode. Electrical stimulation from the ST 
reaches the ganglion cell bodies in Rosenthal’s canal through the 
peripheral neural fiber-endings at the organ of Corti, which are 
further transferred to the auditory cortex where it is perceived as 
sound (3).

The success of cochlear implantation depends on several factors. 
A good match between the CI electrode and cochlear anatomy covers 
most neuronal elements with electrical stimulation in creating an 
effective electrode–neural interface (ENI), making it a device-related 
factor (4). Different surgical techniques practiced by operating 
surgeons aim for ST electrode placement, ideally causing zero trauma 
to the intra-cochlear structures, making it a surgery-related factor (5). 
Patient-related factors that are reported to affect CI outcomes include 
the state of preoperative hearing, etiology of hearing loss, age at 
implantation, deafness duration, pre-lingual versus post-lingual 
hearing loss, adaptation to electrical stimulation by the recipient’s 
brain, and motivation of the recipient to use the speech processor 
regularly (6).

Optimal placement of the electrode inside the cochlea requires a 
combination of an effective electrode design and superior surgical 
skills. While surgical skills can be  improved through continuous 
education, an electrode design is the result of a profound scientific 
understanding of the mechanical behavior of the electrode and the 
cochlear micro-anatomy. The electrode design and philosophy differ 
significantly among the CI manufacturers in terms of its (a) length, (b) 
shape configuration (straight versus pre-shaped), (c) number of 
stimulating channels, (d) space between stimulating channels, (e) 
distribution of metal wires to every stimulating channel, (f) shape of 
the channel exposed, and (g) tip geometry. According to Bierer (7), 
the electrode–neural interface (ENI) electrically excites a certain 
population of nerve fibers by placing an electrode channel in 
proximity. This can be affected by the current flow, channel interaction, 
electrode position, electrode misplacement, spiral ganglion loss, and 
channel independence.

Structure of this review article

This review article on CI electrode design covers (i) different 
stages of multichannel electrode design per manufacturer, (ii) 
electrode portfolio as of 2024 from all four CI manufacturers, (iii) 
morphological variations in the inner ear and electrode choices, (iv) 
distribution of neuronal cell bodies and effective electrode insertion 
depth on hearing outcomes, (v) influence of electrode design on 
intra-cochlear delicate structures, (vi) electrode array migration and 
preventive solution, (vii) reports on incomplete insertion of 
electrode arrays, (viii) comparison of hearing performance between 
pre-curved vs. straight electrode from single CI manufacturers, (ix) 
literature on electrode type affecting facial nerve stimulation with 
CI, (x) electrode choice for cases with intra-cochlear tissue occlusion, 
and (xi) effect of electrode insertion approach on intra-cochlear 
tissue formation. A literature review of articles was conducted in 
analyzing the angular electrode insertion depth by different electrode 
arrays and its effect on hearing outcomes. Three-dimensional (3D) 

images of the inner ear were prepared using a freeware 3D slicer1 as 
previously described (8).

Different stages of multichannel electrode 
design per manufacturer

A CI per se does not restore hearing in individuals with deafness. 
Instead, it provides frequency-specific electrical stimulation by placing 
an electrode covering most neuronal cell bodies. The first multichannel 
CI developed by MED-EL was implemented in 1978. The electrode 
had eight platinum contact pads that were opened on both sides and 
separated by equal distances. It is a 30 mm-long straight electrode (9). 
In 1981, Cochlear® introduced the Nucleus 22 device with 22 evenly 
spaced full-band platinum ring electrodes. This electrode was 
designed to be 25 mm in length in a straight configuration to stimulate 
the cochlear basal turn (10). In 1987, Advanced Bionics introduced 
the Clarion C1 device, which had the first pre-curved electrode aimed 
at perimodiolar placement with 16 spherical (ball) contacts distributed 
within 25 mm to stimulate the cochlear basal turn (11). This 
pre-curved electrode needed a stiff tube made of Teflon® to make it 
straight before the insertion inside the cochlea. The stiff tube required 
to be pulled back to bring the electrode closer to the modiolus wall 
(10). These were first-generation electrode variants developed by three 
major CI companies on an experimental basis.

With a better understanding of how these first-generation 
electrodes provide hearing benefits to patients, MED-EL increased the 
number of stimulation channels from 8 to 12. This electrode was 
fabricated with a length of 31.5 mm to cover the entire frequency 
range physically. This electrode was marketed in 1996 with the 
commercial name “STANDARD” electrode array (12). In 2000, 
Advanced Bionics explored perimodiolar placement from a straight 
electrode design by employing a silastic dummy element to push the 
electrode contacts closer to the modiolar trunk (13). Unfortunately, a 
silastic dummy element parallel to the electrode increased the risk of 
meningitis and was removed from the market as a precautionary 
measure (14). Cochlear® introduced a perimodiolar electrode concept 
(Contour) to attach the modiolus wall mainly to the cochlear basal 
turn. This electrode employs a platinum-made stylet wire for 
straightening before implantation (15). Around this time, MED-EL 
continued expanding its electrode variants and added “MEDIUM 
(24 mm)” and the “COMPRESSED (16 mm)” electrodes to its 
portfolio, to match the abnormal inner ear anatomies. In 2003, 
Advanced Bionics introduced a 22 mm-long straight electrode to 
achieve basal coverage (360° angular insertion depth [AID]) (16). It 
was named 1J as the distal end of the electrode had a pre-shaped 
configuration resembling the letter “J” (17). The very first version of 
flexible electrode design from MED-EL was introduced in 2004 under 
the electrode variant name “FLEX” and with a length of 31.5 mm. This 
is commercially called the FLEX SOFT, which has five apical channels 
opened on one side compared to both sides in the STANDARD 
electrode (18).

Advanced Bionics developed the “HELIX” electrode in 2005, 
which is a perimodiolar electrode type to cover the basal turn of the 

1 https://www.slicer.org/
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cochlea (360° of AID) (16). Around this time, Cochlear® already 
introduced its second-generation perimodiolar electrode (Contour 
Advance), fine-tuning its first-generation electrode by modifying the 
rounded tip to a soft conical tip (19).

Until 2020, MED-EL continued to expand its FLEX electrode 
portfolio to lengths of 24, 28, 20, and 26 mm to match all cochlear size 
variations and cochleae with low-frequency residual hearing (20). 
Cochlear® introduced a 15 mm-long straight configuration electrode 
in 2011 to support the concept of electric acoustic stimulation (21). In 
2012, Cochlear® introduced “Slim Straight,” a 20–25 mm-long 
electrode (between the electrode tip and the first marker–second 
marker at the proximal end) (22). This electrode has a stiffening 
element at the transition of electrode lead and the electrode array. 
Neurelec, later (in 2015) called Oticon currently acquired by Cochlear, 
introduced a 26 mm-long straight electrode (Digisonic® SP) in 2004 
(23). In 2006, Oticon fine-tuned the Digisonic® SP electrode by 
reducing its length to 25 mm and commercially named it “Digisonic® 
SP EVO.” In 2006, a new CI manufacturer from China (Nurotron) 
introduced a 22 mm-long electrode (24).

In 2013, Advanced Bionics developed another perimodiolar 
electrode (Mid-Scala), with the commercial claim that this electrode 
was designed to be positioned in the mid-ST, avoiding any contact 
with cochlear structures (25). In 2016, a slimmer version of the 
Contour Advance electrode was introduced by Cochlear® called the 
“Slim Modiolar” electrode, which was 1 mm shorter than its 
predecessor (26). The Slim Modiolar electrode functions without any 
stylet wire, but with a polymer tube/sheath as a straightener, like the 
Clarion device from Advanced Bionics. A 23 mm-long straight 
electrode (Slim J) by Advanced Bionics was introduced in 2017, which 
is the slimmer version of its previous-generation electrode, the 1J 
electrode (27). In 2021, a 20 mm-long straight electrode (Slim20) was 
introduced by Cochlear®, which is identical to Slim Straight but 
without the 2nd white marker (28). The longest electrode (FLEX34) 
of industry, 34 mm in length, was introduced in 2023 by MED-EL to 
match larger sized cochlea (29).

Current electrode portfolio from all four CI 
manufacturers

Within the straight lateral wall electrode type, 20 variants were 
identified from four different CI manufacturers, varying in length 
from 15 to 34 mm (Table 1).

Within the perimodiolar electrode type, only three variants were 
from two CI manufacturers, ranging in length from 17.5 mm to 
18.5 mm (Table 2).

With all four CI manufacturers offering the straight lateral wall 
electrode type, the straight lateral wall electrode type may have a 
commercial demand along with reported lower electrode insertion 
complications, according to the latest published systematic literature 

TABLE 1 List of straight lateral wall electrodes.

CI manufacturer Array variant Array length (mm) Market introduction

Advanced Bionics LLC 1J 22 2003

Slim J 23 2017

Cochlear Corporation Straight 25 1981

Hybrid 15 2011

Slim Straight 20 (up to the first marker) and 25 (up to the second marker) 2012

Slim 20 20 2021

MED-EL GmbH STANDARD 31.5 1996

COMPRESSED 15 2000

MEDIUM 24 2002

FLEX SOFT 31.5 2004

FLEX 24 24 2004

FLEX 28 28 2011

FLEX 20 20 2013

FORM 19 20 2013

FORM 24 24 2013

FLEX 26 26 2018

FLEX 34 34 2023

Nurotron STANDARD 22 2006

TABLE 2 List of perimodiolar electrodes.

CI 
manufacturer

Array 
variant

Array 
length 
(mm)

Market 
introduction

Advanced Bionics LLC Mid-Scala 18.5 2013

Cochlear Corporation Contour 

Advance

18.5 2005

Slim 

Modiolar

17.5 2016
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review (30). Nevertheless, the perimodiolar electrode design is useful 
in cases such as otosclerosis and fibrous tissue occlusion of the cochlea.

Morphological variations in inner ear and 
electrode choices

The normal anatomy of the inner ear is characterized by 2½ 
cochlear turns on average, although 20–30% of children with 
congenital deafness have some degree of inner ear anatomical 
variations/malformations (31, 32).

Figure 1 illustrates a human inner ear with anatomical variations. 
A normal anatomy cochlea characterized by 2½ turns of cochlear 
lumen (Figure 1A) with profound hearing loss would require a full-
coverage electrode (Tables 1, 2). However, whether those full-coverage 
electrodes from each CI manufacturer are physically long enough to 
sufficiently cover the majority of the cochlea remains unclear. Enlarged 
vestibular aqueduct syndrome characterized by a cochlear lumen that 
is almost available for 1½ turn leaving the apical portion cystic, along 
with an enlarged vestibular sac (Figure 1B), would require an electrode 
length of 24–28 mm that would cover approximately 540° of angular 
depth, depending on the cochlear size. Cochlear hypoplasia 
characterized with 2 turns (Figure 1C), 1½ turns (Figure 1D), 1 turn 
(Figure 1E), and ½ turn (Figure 1F) would need electrode arrays in 

medium (24 mm) to short lengths (15–20 mm). Incomplete partition 
(IP) type II (Figure 1G) characterized by the normal presence of a 
basal turn and cystic after along with an enlarged vestibular sac would 
require a medium-length electrode (24 mm) with a good sealing 
feature to prevent cerebrospinal fluid (CSF) gusher or oozing. A severe 
form of cochlear hypoplasia (Figures 1H–N) would typically need 
short-length electrodes (15–20 mm). IP type I  (Figure  1O) 
characterized by the separation of the cystic cochlea from the vestibule 
and IP type III (Figure 1T) characterized by an absence of a central 
modiolus trunk and a wide internal auditory canal (IAC) would 
require a short electrode (≈20 mm), preferably with stimulating 
channels on both sides and good sealing feature to prevent CSF 
gusher. Cavity-type malformation (Figures 1P–R) characterized by a 
lack of central modiolus trunk requires the placement of an electrode 
with an appropriate length in a loopy format covering the 
circumference of the cavity where neuronal elements are distributed 
along the outer wall (34). In cochlear aplasia (Figure 1S), although 
placing an electrode in the vestibular portion is contraindicated as per 
the expert’s opinion (31), CI was still attempted with some success as 
per the report of Kim et al. (35).

The normal anatomy of the inner ear varies in size (36). Figure 2 
demonstrates two different sizes of the cochlea as measured by the 
cochlear basal turn diameter (A-value). The A-value is an indirect 
measure of cochlear duct length.

FIGURE 1

Anatomical variation of the human inner ear. Anonymized CT scans of temporal bones with different inner ear anatomies were kindly provided by St. 
Petersburg ENT and Speech Research Institute, Russia (33). (A) Normal anatomy; (B) almost normal cochlea anatomy but with an enlarged vestibular 
sac; cochlear hypoplasia with (C) 2 turns of the cochlear lumen; (D) 1½ turns of the cochlear lumen; (E) approximately 1 turn of the cochlear lumen; 
(F) only ½ turn of the cochlear lumen; (G) incomplete partition type II with enlarged vestibular aqueduct sac; (H–M) severe form of cochlear 
hypoplasia; (N) cochlear hypoplasia with bud-like cochlea; (O) incomplete partition type I; (P,Q) common cavity; (R) cochlear aplasia with vestibular 
cavity; (S) cochlear aplasia; and (T) incomplete partition type III.
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Although assessing the preoperative images for cochlear size 
measurement is an effort, considering the concept that one length 
electrode would fit every cochlea will result in different insertion 
depths in the cochlea of different sizes (Figures 3A–C).

The shape of the cochlear basal turn is another important 
morphological variation that has not been studied in detail in cochlear 
implantation. Khurayzi et al. (38) have reported that the ratio between 
the width and length of the basal turn ≥0.75 indicates a round 
cochlear basal turn, which would otherwise indicate an elliptical basal 
turn. Rask-Andersen et al. (39) have reported overall variations in 
cochlear morphology using corrosion-cast models of normal cochleae 
without analyzing basal turn shape variations. Figure 4 demonstrates 
cochlear samples identified with different shapes of the cochlear basal 
turn [more circular shape (A), elliptical shape (B), extended elliptical 
shape (C), and triangular shape (D)]. Commercially available 
perimodiolar electrodes are fabricated with predetermined shapes, 
which may not match with every variation in the shape of the basal 
turn, making it difficult to offer consistent placement close to the 
modiolus in every case. However, the pullback technique as reported 
by Todt et  al. (40) seems to bring the electrode close to the 
modiolus wall.

Distribution of neuronal cell bodies and 
effective electrode insertion depth

The electrical stimulus from the CI electrode delivered to the 
cochlea flows in the least path of resistance to reach the ganglion cell 
bodies. While the OC is known to extend until the helicotrema, spiral 
ganglion cell bodies (SGCBs) are distributed up to approximately 
680°. From 1931 to 2023, 20 peer-reviewed publications have reported 

the angular distribution of SGCBs up to approximately 680° (41–43). 
Figure 5A presents an outline of Rosenthal’s Canal housing SGCBs, 
which are distributed up to 680°, as published in 1931. In 2020, with 
better imaging technology, SGCBs were 3D reconstructed, and their 
distribution was reconfirmed up to 680° (Figure 5B) (42). Individuals 
with normal hearing have been reported to have 33,000 SGCBs on 
average, covering both the basal and middle turns of the cochlea. 
Beyond an angular depth of 400°, the SGCBs were approximately 
7,200 (41) (Figure 5C). The perimodiolar electrode was not sufficiently 
long to electrically stimulate this segment of the cochlea (Figure 5D). 
However, a longer length straight lateral wall electrode does cover 
segment IV of the cochlea, which results in a greater number of 
electrically stimulated SGCBs.

To understand the AID offered by different electrode variants in 
patient cases, we  searched the PubMed database using the term 
“angular insertion depth of cochlear implant electrode” (Figure 6).

In total, 92 articles were identified from the initial search, of which 
45 articles reported on AID with electrode variants. The results are 
summarized in Table 3. A medium-length electrode (≈24 mm) from 
any CI manufacturer would reach an average angular depth of 406°. 
A perimodiolar electrode from any CI manufacturer would cover an 
average angular depth of ≤394°. A straight lateral wall electrode type 
of lengths 28 mm and 31.5 mm would reach an average AID of 546° 
and 625°, respectively.

Considering the 680° of angular depth to which the SGCBs are 
distributed, a perimodiolar electrode would provide approximately 
58% of neural coverage, whereas a medium-length (≈24 mm) 

FIGURE 2

Cochlear size measured according to A-value in the oblique coronal 
view. CT scans showing the cochleae of different sizes are from 
anonymized subjects from St. Petersburg ENT and Speech Research 
Institute, Russia (33).

FIGURE 3

Postoperative images demonstrating STANDARD electrodes in three 
different sizes of cochleae (37). (A) An angular insertion depth (AID) 
of 720° in a regular-sized cochlea, (B) 630° of AID in a slightly bigger 
than regular sized cochlea, and (C) only 540° of AID in a significantly 
bigger sized cochlea. The white slanted line cutting through the 
electrode points to the cochlear entrance. Reproduced by 
permission of Williams and Wilkins Co.
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electrode would provide approximately 60% of neural coverage. When 
fully inserted, the FLEX28 and FLEX SOFT electrodes provided 
approximately 80 and 92% neural coverage, respectively, as shown in 

Figure 7. All these AID and percentages of neural coverage are mere 
numbers and carry value if they influence hearing outcomes in 
CI recipients.

FIGURE 4

Shape variations in the cochlear basal turn. (A) More circular, (B) elliptical, (C) extended elliptical-shaped, (D) triangular, and (E) a perimodiolar electrode 
with a fixed size and shape. 3D segmented inner ear from CT scans of cochleae with varying shapes of basal turn are from anonymized subjects from 
St. Petersburg ENT and Speech Research Institute, Russia (33).

FIGURE 5

Distribution of spiral ganglion cell bodies (SGCBs) (40). (A) Outline of Rosenthal’s canal housing SGCBs; (B) 3D segmentation of SGCBs from the 
synchrotron phase-contrast image demonstrating its presence up to 680°–720° (Source: Courtesy of Dr. Hao Li and Dr. Helge Rask-Andersen, 
University Uppsala, Sweden, and Prof. Hanif Ladak and Dr. Sumit Agrawal, Auditory Biophysics Laboratory, Western University, London, in Ontario, 
Canada); (C) percentage of SGCBs in different segments of the cochlea; and (D) cartoon version of a perimodiolar electrode unable to cover segment 
4 with electrical stimulation.

https://doi.org/10.3389/fneur.2024.1348439
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Dhanasingh et al. 10.3389/fneur.2024.1348439

Frontiers in Neurology 07 frontiersin.org

To determine whether the AID of electrode has been reported to 
influence postoperative hearing outcomes with CI, the literature was 
reviewed using the search terms “cochlear implant electrode insertion 
depth and speech recognition scores” and “cochlear implant electrode 
insertion depth and hearing scores” in PubMed (Figure 8).

In total, 76 articles were identified in the initial search using two 
search terms, of which 22 reported an association between AID and 
hearing outcomes. The results are summarized in Table 4. Of the 22 
articles, 15 reported a positive correlation, 2 reported a negative 
correlation, and the remaining 5 reported no correlation between 
the two variables. In those two papers reporting a negative 
correlation, the electrodes used mainly covered the cochlear basal 
turn but not the middle turn. Seven other articles were identified 
outside the search terms for electrode AID and hearing outcomes 
(Table 5). Of seven articles, six reported a positive correlation and 
one article reported a negative correlation between electrode AID 
and hearing outcomes.

All studies listed in Tables 4, 5 had heterogeneities associated with 
different electrode types/variants with stimulation strategies from four 
different CI manufacturers, tested using different audiological tests 
conducted in different languages. However, three-fourths of these 
studies reported a positive correlation between the electrode AID and 
hearing outcomes, regardless of the electrode type. Broader frequency 
coverage, a larger number of intra-cochlear sites for electrical 
stimulation, closer matching of electrical with place-equivalent 
acoustic pitches, greater spatial separation between adjacent electrode 
contacts improving spectral resolution, and electrically recruiting a 

greater number of neuronal cell bodies were some of the possible 
reasons given for better hearing outcomes with deeper insertion.

Influence of electrode design on 
intra-cochlear delicate structures

The flexibility of an electrode array refers to its ability to 
accommodate the cochlear lumen with changing contours, avoid 
traumatizing delicate intra-cochlear structures, and achieve full 
insertion inside the cochlea. The preferred location for electrode 
placement of electrode was the ST compartment of the cochlea. 
Figure 9A demonstrates the endoscopic view of a live ST during the 
CI procedure. ST is like a tunnel lined with porous bone that forms 
the inner wall. The outer wall was significantly smoother along with 
any straight lateral wall electrode slide during insertion. The floor of 
the ST contains a series of blood vessels that are exposed to the 
surface. The basilar membrane is located at the top of the ST and 
separates the scala media from the ST. Structure preservation with 
minimal insertion trauma is the primary aim of every CI surgery. 
Figure  9B illustrates the full insertion of a 28 mm-long flexible 
electrode placed inside the ST.

Electrode scalar deviation (ESD) is considered a severe form of 
intra-cochlear trauma as per Eshraghi (44) (Figure 10A). A recent 
systematic review of the literature on electrode design-related 
complications related to manual insertion of electrodes has reported 
that straight lateral wall electrodes have an 11% rate of ESD compared 

FIGURE 6

Literature review of articles reporting on electrode angular insertion depth.
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TABLE 3 Review of literature on angular insertion depth by different electrode variants (references in Supplementary material S1).

No. Study Electrode type No. of 
cases 

analyzed

Angular insertion depth (°)

Pre-shaped STANDARD/
FLEX SOFT

FLEX28 FLEX24/SS/
SJ

1 Canfarotta et al. (2022) Straight 75 — 628 571 —

2 Thimsen et al. (2022) Straight 19 — 663 581 —

3 Razmovski et al. (2022) Perimodiolar/straight 13/23 402 — — 389

4 Fan et al. (2022) Straight 29 — — — 332

5 Andersen et al. (2022) Perimodiolar/straight 32 399 497 439

6 Högerle et al. (2021) Straight 378 — 640 — —

7 Lee et al. (2021) Perimodiolar 95 375 — — —

8 Speigel et al. (2021) Straight 108 — 615 525 —

9 Goehring et al. (2021) Perimodiolar (MS) 8 — — —

10 Labadie et al. (2021) Straight 1 — — 539 —

11 Morrel et al. (2021) Perimodiolar 6 344 —

12 Canfarotta et al. (2021) Straight 51 — 641 — —

13 Heutink et al. (2021) Perimodiolar/straight 129 386 — — 347

14 Canfarotta et al. (2021) Straight 19 — 620 — 423

15 Canfarotta et al. (2021) Straight/perimodiolar 50 364, 400 (MS) 641 509 400 (F24)

16 Lenarz et al. (2020) Straight 20 — — — 393 (SJ)

17 Khan et al. (2020) Straight 86 — 600 510 400 (F24, SS, SJ)

18 Canfarotta et al. (2020) Straight 13 — 620 — 423 (M)

19 Noble et al. (2020) Perimodiolar 57 381 — — —

20 Canfarotta et al. (2020) Straight 111 — 636 558 428 (F24)

21 Canfarotta et al. (2020) Straight 48 — 630 570 464 (F24)

22 Nassiri et al. (2020) Perimodiolar 24 388 — — —

23 Rivas et al. (2019) Straight 40 — — — 416 (SJ)

24 Rathgeb et al. (2019) Straight 50 — — 512 —

25 Canfarotta et al. (2019) Straight 20 — 619 578 422 (F24)

26 Abd El Aziz et al. 

(2019)

Perimodiolar 20 — — — —

27 Yamamoto et al. (2019) Perimodiolar 57 354 — 518 —

28 An et al. (2018) Straight 21 — — 562 451 (SS)

29 Skarzynski et al. (2018) Straight 54 — — — 375

30 Dietz et al. (2018) Straight 11 — — — 368

31 Iso-Mustajärvi et al. 

(2017)

Perimodiolar 20 400 — — —

32 O’Connell et al. (2017) Straight 48 — 584 575 408

33 van der Jagt et al. 

(2016)

Perimodiolar (MS) 96 424 — — —

34 Roy et al. (2016) Straight 25 — 584 — 389

35 Svrakic et al. (2016) Perimodiolar (MS) 63 389 — — —

36 Bengalem et al. (2016) Perimodiolar (MS) 7 435 — — —

37 O’Connell et al. (2016) Perimodiolar (MS) 129 384, 393 (MS) — — —

38 Nordfalk et al. (2016) Straight 39 — 628 593 507 (F24)

39 Frisch et al. (2015) Perimodiolar (MS) 8 436 — — —

40 Skarżyński et al. (2014) Straight 55 — — — 424

(Continued)
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to styleted perimodiolar hugging electrodes (28.5%) (30). We analyzed 
the results [Table 3 of reference (30)] to determine the rate of ESD 
with the FLEX and Slim Modiolar electrodes as 4.8% (22 out of 453 
FLEX electrode implantations) and 7.6% (28 out of 365 Slim Modiolar 
implantations), respectively. It has been widely reported that ESD 
results in lower hearing scores than ST placement (45, 46). The tip of 
the electrode folding over while inserting it inside the ST is referred 
to as the electrode tip fold-over (ETFO), which is another electrode 
design-related issue (Figure 10B). The same systematic review has 
reported an overall incidence rate of 5.4% for ETFO with perimodiolar 
electrode and only 0.5% for the straight lateral wall electrode type. 
Analysis of the results [Table 2 of reference (30)] to determine the 
incidence rate of ETFO with Slim Modiolar electrode revealed 6% (70 
cases out of 1,158 implantations), which is slightly higher than that of 
the styleted perimodiolar electrode. Electrode array buckling or 
kinking inside the cochlea has been reported with an incidence rate 
of 2% in mixed-device types (47). Such buckling or kinking of the 
electrode can also lead to intra-cochlear structural damage.

Electrode array migration and available 
solutions

The slipping of the electrode out of the cochlea immediately or 
after CI surgery is referred to as electrode array migration. The straight 
lateral wall electrode type has been reported to migrate at a rate of 
3.2% compared to 0.5% for the perimodiolar electrode type (30). The 
perimodiolar electrode wraps around the inner wall, providing a 

natural fixation that minimizes the array migration rate. By contrast, 
the straight lateral wall electrode is gently positioned along the outer 
wall, which increases the rate of array migration when there is a 
disturbance to the excess electrode lead in the mastoid cavity. Recently, 
Goh et al. (48) reported that electrode migration is one of the common 
occurrences with straight electrodes and is more likely in implant 
recipients with obstructed or malformed cochleae. A fixation clip that 
locks the electrode lead to the middle ear structures (Figure 11) is one 
practical solution to minimize array migration with straight 
electrodes. Other surgical practices are locking the electrode lead in 
the undercuts on the skull, packing the mastoid cavity with bone pate, 
and drilling additional grooves in the facial recess to lock the electrode 
lead also referred to as the “Hannover technique.”

Reports on incomplete insertion of 
electrode arrays

The incomplete insertion of an electrode array is undesirable. 
Mixed reports are available on this topic, with Nordfalk et al. (49) 
reporting an 18% failure rate to fully insert the FLEX28 and FLEX 
SOFT electrodes. Meanwhile, Canfarotta et al. (50) have reported a 
0% failure rate to insert the FLEX SOFT electrode fully inside the 
cochlea. Ishiyama et al. (47) have reported that partial insertion of 
the electrode is highly associated in patients preoperatively 
diagnosed with difficult inner ear anatomy or occluded pathology, 
with an incidence rate of 1–2%. Lee et  al. (51) conducted a 
histopathological analysis and reported that incomplete insertion is 

TABLE 3 (Continued)

No. Study Electrode type No. of 
cases 

analyzed

Angular insertion depth (°)

Pre-shaped STANDARD/
FLEX SOFT

FLEX28 FLEX24/SS/
SJ

41 Schatzer et al. (2014) Straight 7 — 610 — 331 (M)

42 Pearl et al. (2013) Straight 17 — 592 — —

43 Trieger et al. (2011) Straight/perimodiolar 15 469 700 — —

44 Radeloff et al. (2008) Straight/perimodiolar 46 — — — —

45 Xu et al. (2000) Perimodiolar 7 335 — — —

Total/mean ± std. dev 2,214 394 ± 36 625 ± 28 546 ± 53 406 ± 42

M, medium; MS, Mid-Scala; F24, FLEX24; SS, Slim Straight; SJ, Slim J.

FIGURE 7

Neuronal coverage by electrode variants.
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also influenced by the electrode encountering insertion resistance 
with the spiral ligament as was observed in 14 of 21 samples. Basal 
buckling is another electrode design-related issue mainly associated 
with the straight electrode, and this was reported with EVO® from 
Oticon by Torres et al. (52) due to the sub-optimal insertion angle 
into the basal turn of the cochlea. A minimum of 8–10 stimulating 
channels inside the cochlea are needed to receive a meaningful 
performance gain with CI (53).

Comparison between perimodiolar and 
straight electrode from single CI 
manufacturer

This section aims to bring together reports that have compared 
the overall performance of straight and perimodiolar electrodes from 
the same CI manufacturer to avoid any bias between manufacturers. 
One of the claimed advantages of a perimodiolar-placement electrode 
over a straight electrode is that it minimizes the intensity of 
stimulation, resulting in an increased battery life of the audio 
processor. In 2015, Jeong et al. (54) studied the battery consumption 
of an audio processor coupled to Contour Advance (perimodiolar) 
and Slim Straight (straight) electrodes implanted on each side in seven 
patients. They have reported that even though the intensity of 
electrical energy needed for auditory perception may be lower for the 
perimodiolar electrode than for the straight array, the dynamic range 
and battery consumption were similar.

Fitzgerald et al. (55), Doshi et al. (56), Garaycochea et al. (57), 
Sturm et  al. (58), and MacPhail et  al. (59) have reported that 
speech perception and frequency discrimination outcomes remain 
the same for both perimodiolar and straight electrode types from 
the same manufacturer. In 2021, Heutink et al. (60) reported better 
speech perception and frequency discrimination with a Contour 
Advance electrode than with a Slim Straight electrode. An 
in-depth review of the report by the authors of the current paper 
revealed that the Contour Advance electrode reached an AID of 
386°, compared to the Slim Straight electrode with an AID of 347° 
only. One could argue that a higher insertion depth would 
electrically stimulate more neuronal elements, thereby 
contributing to better speech outcomes with the Contour Advance 
electrode. By contrast, Holder et al. (61) compared Slim Modiolar 
with Slim Straight electrodes in a matched cohort and reported 
favorable or similar results in terms of postoperative low-frequency 
pure-tone average, CNC scores, electrode impedance, and pulse 
duration in the Slim Modiolar electrode-implanted group 
compared to the Slim Straight electrode-implanted group from the 
same manufacturer.

In 2023, Patro et al. (62) compared a perimodiolar electrode type 
(Mid-Scala) with the straight lateral wall electrode type (Slim J) 
electrode of both electrode types from a single manufacturer to 
determine which electrode type is superior in terms of speech 
recognition and hearing preservation. The rate of ESD was 34.8% with 
the Mid-Scala compared to 16.1% with the Slim J electrode, resulting 
in a higher hearing preservation rate with the Slim J than the 

FIGURE 8

Literature review process of studies on electrode angular insertion depth and associated hearing outcomes.
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Mid-Scala electrode. Hearing scores in quiet and noisy conditions did 
not differ significantly between patients implanted with the two 
electrode types.

All the studies listed in this section had almost the same 
conclusion that speech recognition scores did not significantly differ 
between the electrode types, whereas perimodiolar electrodes had 

TABLE 4 Reports identified using the search terms on correlation between electrode angular insertion depth and hearing outcomes (references in 
Supplementary material S2).

No. Studies Region of origin Electrode variant Angular insertion 
depth (mm/AID°)

Correlation between 
AID and hearing 
outcomes

1 Alothman et al. (2023) Saudi Arabia FO24 vs. F28 460°–530° Positive

2 Canfarotta et al. (2022) USA F28 vs. FS 571°–628° Positive

3 Fan et al. (2022) China Shanghai Lishengte LCI20PI 240°–500° Positive

4 Lo Rosso et al. (2022) Italy F28, F24, CA, SM, SS, MS, SJ, 

EVO, CLA

— No significance

5 Heutink et al. (2021) The Netherlands SS vs. CA 347.6°–386.2° Positive

6 Canfarotta et al. (2020) USA MED and STD 460°–720° Positive

7 Canfarotta et al. (2020) USA F24, F28, FS 428°–558°–636° Positive

8 Nassiri et al. (2020) USA SM 360°–450° Positive

9 Selleck et al. (2019) USA All three FDA-approved CI 

devices

— Positive

10 Chakravorti et al. (2019) USA All three FDA-approved CI 

devices

376° (pre-curved) Positive

453° (straight) (Among straight electrodes)

11 O’Connell et al. (2017) USA F24, F28, STD 408°–575°–584° Positive

12 Hilly et al. (2016) Canada 1J <360°– > 360° Positive

13 De Seta et al. (2016) France STD 403° (partial insertion); 

643° (full insertion)

No significance

14 Nayak et al. (2016) India CI24RE, CA, 1J, SS <180° > 360° No significance

15 Roy et al. (2016) USA STD, MED 389°–583° Positive

16 van der Marel et al. (2015) The Netherlands HiFocus 1, 1J 497°–479° No significance

17 Holden et al. (2013) USA HiFocus 1, 1J, Helix, C, CA — Negative

18 Lee et al. (2010) USA Nucleus 22 — Positive

19 Finley et al. (2008) USA AB/Clarion devices — Negative

20 Khan et al. (2005) USA Nucleus 22/24, Ineraid, Clarion — No significance

21 Yukawa et al. (2004) Japan Nucleus CI22M and CI24 210°–580° Positive

22 Skinner et al. (2002) USA Nucleus 22 12–26 mm Positive

C, Contour; CA, Contour Advance; FO24, FORM24; F24, FLEX 24; F28, FLEX28; FS, FLEX SOFT; SM, Slim Modiolar; SS, Slim Straight; MS, Mid Scala; SJ, Slim J; STD, STANDARD; MED, 
MEDIUM.

TABLE 5 Reports identified outside the search terms on the correlation between electrode angular insertion depth and hearing outcomes (references in 
Supplementary material S3).

No. Studies Region of origin Electrode variant Angular insertion 
depth (mm/AID°)

Correlation between 
AID and hearing 
outcomes

1 Lyutenski et al. (2021) Germany MS to F28 360°–560° Positive

2 Ketterer et al. (2021) Germany F24, F28, FS, CA, SS, SM 199°–794° Negative

3 Helbig et al. (2018) Germany F28 350°–730° Positive

4 Büchner et al. (2017) Germany F20-24-28 360°–480°–585° Positive

5 O’ Connell et al. (2016) USA SS 290°–600° Positive

6 Buchman et al. (2014) USA MED and STD 423°–657° Positive

7 Esquia et al. (2013) France F24 and FS 251°–720° Positive

CA, Contour Advance; F24, FLEX 24; F28, FLEX28; FS, FLEX SOFT; SM, Slim Modiolar; SS, Slim Straight; MS, Mid Scala; STD, STANDARD; MED, MEDIUM.
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higher rates of ESD and ETFO, which need to be considered before 
selecting the electrode type for implantation.

Literature on electrode type affecting facial 
nerve stimulation following CI treatment

Facial nerve stimulation is a post-activation complication of CI 
treatment. It is widely believed in the CI field that straight electrodes are 
more prone to facial nerve stimulation (FNS) than perimodiolar 
electrodes. In 2005, Smullen et  al. (63) studied the rate of FNS by 

comparing the perimodiolar and straight electrodes implanted in their 
study cohort. Of the 600 patients with CI, 19 experienced FNS. The rate 
of FNS was similar (6.8%) between the perimodiolar and straight 
electrodes. In 2011, Berrettini et al. (64) have reported FNS in 11 of 119 
patients with CI. Of the 11 patients with FNS, 10 were implanted with a 
perimodiolar electrode and only one with a straight electrode, both from 
the same CI manufacturer. In 2013, Seyyedi et al. (65) reported from a 
group of patients with otosclerosis, straight electrode (4 of 10) led to FNS, 
which was not the case with perimodiolar electrode (0 of 3), which favors 
perimodiolar electrode in such conditions. In 2020, Van Horn et al. (66), 
through a systematic literature review and meta-analysis, reported that 

FIGURE 9

Closer look at the human cochlea. (A) Endoscopic view of scala tympani (ST) entering through the round window (RW) entrance demonstrating blood 
vessels on the floor, basilar membrane on the top, porous bony wall on the right, and smooth lateral wall on the left (reproduced by permission of Dr. 
Richard Chole, Washington, United States). (B) Histology image of the mid-modiolar section of the human cochlea with a 28  mm-long electrode 
placed fully inside the ST (image courtesy: Prof. Thomas Lenarz and Peter Erfurt from Hannover Medical School, Hannover, Germany).

FIGURE 10

Illustration of electrode scalar deviation (A) and electrode tip fold-over (B) (30).
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straight electrodes implanted in patients with CI experienced FNS at a 
higher incidence rate (15.7%) than the perimodiolar electrode-implanted 
group (4.4%). All these reports reveal that FNS can occur with any 
electrode type, although its incidence is relatively lower with the 
perimodiolar electrode type. A recent systematic review by Alahmadi 
et al. (67) reports that modifying different fitting parameters successfully 
resolved FNS in 85.5% of the patients. Tri-phasic pulse stimulation in the 
MED-EL system (68) and pseudo-monophasic stimulation (69) in the 
Oticon system are typical examples of new fitting parameters that can 
minimize FNS.

Intra-cochlear fibrosis and suitable 
electrode type

One of the advantages of the perimodiolar electrode, as observed 
in the field, is its application in cochleae with fibrotic occlusion. In 
such situations, a styleted perimodiolar electrode (Contour Advance, 
Mid-Scala) may assist in penetrating the fibrotic tissue. The stiff 
insertion dummy probe device from MED-EL is an alternative 
solution for dilating fibrotic occlusion (Figure 12). Recently, Hoffmann 
et al. (70) have reported the successful use of this stiff probe device in 
dilating the fibrous tissue-occluded cochlea in 33 cases, followed by 
the placement of a flexible straight electrode.

Effects of electrode insertion approach on 
intra-cochlear tissue formation

Histopathological studies have reported that promontory bone-
drilled cochleostomy (Coch) or extended round window (ERW) 
approaches lead to a greater amount of bone/fibrous tissue formation 
inside the cochlea around the electrode than the pure RW approach 

(71–73). Recently, Ketterer et al. (74) reported a reimplantation case 
in which explantation of the electrode from a failed CI was not 
possible because of neo-ossification covering the electrode, locking it 
inside the ST. This aspect forced the surgical team to cut off the 
electrode array to remain inside the ST and place the new electrode in 
the SV, again drilling a bony cochleostomy. Unfortunately, the 
perimodiolar electrode type requires either the ERW or Coch 
approach in most cases, whereas the straight electrode design is 
compatible with the RW approach for insertion.

Conclusion

This review sheds light on the requirements of an effective CI 
electrode array design to match with overall variations reported in the 
size, shape, and anatomy of the human inner ear, as well as minimizing 
the intra-cochlear electrode insertion trauma. It is commonly agreed 
in the CI field that any degree of intra-cochlear trauma should 
be  minimized during the electrode insertion process. Current 
scientific evidence indicates, at the time of writing this article, that the 
straight lateral wall electrode outperforms the perimodiolar electrode 
type by preventing electrode tip fold-over and scalar deviation. Most 
of the literature comparing the hearing performance of perimodiolar 
and straight electrode types from the same CI manufacturer did not 
show the superiority of one electrode type over the other. However, 
facial nerve stimulation is reported to be minimized with perimodiolar 
electrodes as compared to the straight electrode type, a problem that 
is solvable by triphasic pulse stimulation or pseudo-monophasic 
stimulation with the latter. Almost three-fourths of scientific reports 
evaluating the effect of electrode angular insertion depth on hearing 
outcomes confirm increased hearing benefits associated with electrical 
stimulation covering both basal and middle turns of the cochlea. This 
can be explained by facts like electrodes covering a broader frequency 

FIGURE 11

MED-EL fixation clip made of titanium. A surgical view of the fixation clip locking the electrode leads to the bony buttress of the middle ear.

FIGURE 12

Stiff probe (dummy) device with insertion depth markers.
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range, stimulating a larger number of neuronal cell bodies that are 
distributed up to 680° of angular insertion depth, greater spatial 
separation between adjacent electrode contacts, and closer matching 
of electrical with place-equivalent acoustic pitches.
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