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Objective: To characterize transimpedance matrix (TIM) heatmap
patterns in patients at risk of labyrinthine abnormality to better un-
derstand accuracy and possible TIM limitations.
Study Design: Retrospective review of TIM patterns, preopera-
tive, and postoperative imaging.
Setting: Tertiary referral center.
Patients: Patients undergoing cochlear implantation with risk of
labyrinthine abnormality.
Intervention: None.
Results: Seventy-seven patients were evaluated. Twenty-five per-
cent (n = 19) of patients had a TIM pattern variant identified.
These variants were separated into 10 novel categories. Overall,
9% (n = 6) of electrodes were malpositioned on intraoperative x-
ray, of which 50% (n = 3) were underinserted, 17% (n = 1) were
overinserted, 17% (n = 1) had a tip foldover, and 17% (n = 1)
had a coiled electrode. The number of patients with a variant
TIM pattern and normal x-ray was 18% (n = 14), and the number
of patients with normal TIM pattern and malposition noted on
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x-ray was 3% (n = 2; both were electrode underinsertions that were
recognized due to open circuits and surgical visualization).
A newly defined skip heat pattern was identified in patients with
IP2/Mondini malformation and interscalar septum width <0.5 mm
at the cochlear pars ascendens of the basal turn.
Conclusions: This study defines novel patterns for TIM heatmap
characterization to facilitate collaborative and comparative re-
search moving forward. In doing so, it highlights a new pattern
termed skip heat, which corresponds with a deficient interscalar
septum of the cochlea pars ascendens of the basal turn in patients
with IP2 malformation. Overall, the data assist the surgeon in bet-
ter understanding the implications and limitations of TIM patterns
within groups of patients with risk of labyrinthine abnormalities.
Key Words: Cochlear abnormalities—Cochlear implant—Co-
chlear implant placement—Cochlear malformations—Skip heat
pattern—Transimpedance matrix.

Otol Neurotol 45:e630–e638, 2024.
INTRODUCTION

Cochlear implant (CI) electrode position plays a critical
role in postoperative outcomes (1). Tools to confirm elec-
trode placement once it has entered the cochlea and can
no longer be directly visualized must be accurate. Histori-
cally, this has occurred using plain film x-ray (XR), com-
puted tomography (CT) scan, or fluoroscopy (2–5). Recent
literature has now also demonstrated high sensitivity and
specificity for electrode malposition, such a tip foldover,
utilizing transimpedance matrix (TIM) technology (6–8).
As such, this system is now being utilized at some centers
as a sole means of confirming electrode position for pa-
tients with normal anatomy.
TIMmeasures the voltages generated in the cochleawhen
stimulating each electrode. Fixed current pulses are sent be-
tween one intracochlear electrode (current source) and an
extracochlear ground electrode (current sink), and voltage
measures are obtained for each remaining intracochlear
electrode with respect to a second extracochlear ground
electrode (9). The process is repeated for each intracochlear
electrode. Transimpedance values, defined as the ratio be-
tween measured voltages and input current, are arranged
in a “transimpedance matrix” that provides the name for this
technique (9).

Data generated after completing these recordings across
all electrodes can then be used to develop a visual heatmap
to infer electrode array information. In an appropriately
placed electrode in a normal cochlea, voltage is highest at
electrodes that are closest to the stimulating electrode
(e.g., closest to the matrix diagonal) and decrease as we
move away from it. High electric potential (“heat”) seen
on a TIM heatmap may therefore indicate electrodes in
close proximity. This relationship between distance and ab-
solute voltage drop is nonlinear and can depend onmaterial
properties and the dimensionality of the medium (10,11).
The cochlea is a complex geometric fluid-filled structure
zed reproduction of this article is prohibited.
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TABLE 1. Patient demographics and implant details

Patient, N 77
Age, years
Mean (range) 33.4 (0.5–86.0)
SD 27.9
Sex, n (%)
Male 33 (43)
Female 44 (57)
Patient details, n (%)
Bilateral hearing loss 49 (64)
Bilateral implantation 16 (21)
Revision surgery 3 (4)
Implant electrode, n (%)
Profile 612 29 (38)
Profile 622 13 (17)
Profile 632 35 (45)
Labyrinthine risk factor, n (%)
Cochlear hypoplasia (CH-III) 1 (1)
Cochlear hypoplasia (CH-IV) 3 (4)
Cogans 1 (1)
Common cavity 1 (1)
Decreased labyrinthine fluid signal 1 (1)
CPA tumors 22 (29)
Enlarged vestibular aquaduct 5 (6)
Isolated incomplete partition type II 11 (14)
Intracochlear schwannoma 1 (1)
Labyrinthitis ossificans 2 (3)
Misc. temporal bone erosion/surgery* 6 (8)
Mondini 7 (9)
Otosclerosis 7 (9)
Isolated vestibular and SCC abnormality 9 (12)

*Includes two ears with otosyphilis, one otic capsule with extensive
bone marrow infiltration, one temporal bone with extensive squamous cell
carcinoma, one patient with previous endolymphatic sac decompression,
and one patient with extensive abnormal temporal bone neo-ossification.
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containing conductive and nonconductive elements which
renders Ohm’s law, Maxwell’s equations, and the Butler–
Volmer equations inaccurate in isolation for modeling pur-
poses (12–14). This is suspected to be exacerbated further
in the abnormal cochlea.
The benefits of TIM as a sole modality for electrode po-

sition confirmation include avoidance of additional radia-
tion as well as decreased operative time and cost by negat-
ing the need for further image coordination (6). Evidence
of TIM accuracy to date has focused on CI recipients with
a normal cochlea, with only preliminary reports on patients
with abnormal anatomy (6–8). There are hypothesized lim-
itations to TIM accuracy in cases of abnormal anatomy. For
example, a CI placed in a patient with a common cavity that
inappropriately inserts into the internal auditory canal
could result in a normal TIM heatmap if the electrode array
remained straight. This study takes a closer look at the per-
formance of TIM heatmap assessments within congenital
labyrinthine malformations, or cases where there is risk of
a labyrinthine abnormality, to better understand characteristic
TIM patterns, and possible TIM limitations in this patient
population.

METHODS

The study was approved by the NYU Langone Health
Institutional Review Board prior to commencement (IRB
no. S23-00953). A single center retrospective chart review
was completed for all patients >6 months of age at risk for
labyrinthine abnormality who underwent a CI between
January 2020 and June 2023 at a tertiary medical center
with specialization in cochlear implantation. The starting
date of January 2020 was selected as this is when TIM
testing began being utilized regularly at the surgical center
for supplemental confirmation of electrode placement.
Collected patient demographic and perioperative informa-
tion included patient age at implantation, sex, hearing loss
etiology, hearing loss laterality, implant laterality, im-
planted device, and primary vs. revision CI. Labyrinthine
abnormalities were detected and categorized via review of
the patient’s preoperative CTor magnetic resonance imag-
ing (MRI). Patients with a hearing loss etiology that could
involve a concurrent labyrinthine abnormality were also
included. Labyrinthine abnormalities such as an enlarged
vestibular aqueduct that do not result in direct cochlear
malformations were included to study the potential impact
on cochlear voltage propagation. Patients with a CPA tumor
were also included to evaluate the impact of intracochlear
tumor extension or posttreatment intracochlear fibrosis.
The TIM heatmap for each patient with a known or pos-

sible malformation was extracted from the intraoperative
monitoring system, Custom Sound 6.0 EP (Cochlear Ltd.,
Sydney, Australia), and was subsequently interpreted by a
board-certified otolaryngologist. Only patients undergoing
implantation with a device from Cochlear Americas were
included to facilitate compatibility with the testing soft-
ware. Intraoperative XR utilizing a modified Stenver’s
view was extracted from the medical chart to evaluate for
appropriate electrode insertion depth (achieving 1 turn with
Copyright © 2024 Otology & Neurotology, Inc. Un
all electrodes within the cochlea) and positioning (15). The
gross number of electrodes inserted into the cochlea and
malposition, if any, was subsequently evaluated on both
the XR and the TIM. A tip foldover was defined if <5 elec-
trodes were involved, and complete foldover was defined
when >5 electrodes in the array were folded (10). A coiled
electrode was defined as having more than one abnormal
fold along the electrode array. The number of patients with
a variant TIM pattern and normal XR, along with the num-
ber of patients with a normal TIM and electrode malposi-
tion on XR, was calculated for the entire cohort, as well
as for each malformation category. As there are no defined
objective criteria for a variant TIM heatmap pattern at the
time of this study, initial TIM variant identification was
based on surgical experience at the study center, which
has conducted over 400 CIs with both TIM and x-ray imag-
ing to confirm electrode placement. A “favorable” TIM
pattern at the study center aligns with previously published
literature, including that by De Miguel et al. in which an
ideal electrode position corresponds to a monotonic reduc-
tion in intracochlear voltage as the distance between stimu-
lation and recording electrodes increases (6,9,10). This
formed the bases for the defined “normal” TIM pattern de-
scription for this study (6,9,10). TIM heatmaps that were
initially determined to be a variant from normal were then
subcategorized following the creation of unique criteria to
capture commonly identified TIM patterns. Operative
Otology & Neurotology, Vol. 45, No. 9, 2024
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FIG. 1. TIM pattern examples and pattern definitions.
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TABLE 2. Intraoperative testing based on cochlea risk

Revision vs. Primary Device Breakdown

All Patients Primary Revisions Profile 612 Profile 622 Profile 632

TIM testing, n(%) 77 (100) 74 (100) 3 (100) 29 (100) 13 (100) 35 (100)
TIM pattern varianta 19 (25) 18 (24) 1 (33) 3 (10) 9 (69) 7 (20)
Pattern typeb Apical heat 4 (21) 4 (22) – – 1 (11) 3 (43)

Central heat 5 (26) 5 (28) – 1 (33) 2 (22) 2 (29)
Basal heat 1 (5) 1 (6) – – – 1 (14)
Skip heat 4 (21) 4 (22) – – 2 (22) 1 (14)
Basal cooling 1 (5) 1 (6) – 1 (33) – –
Electrode streaks 1 (5) 1 (6) – – 1 (11) –
Ocean pattern 1 (5) – 1 (100) 1 (33) – –
X pattern 1 (5) 1 (6) – – 1 (11) –
Insufficient 1 (5) 1 (6) – – 1 (11) –
Red sea 2 (10) 2 (11) – – 2 (22) –

X-ray testingc 70 (91) 67 (90) 3 (100) 24 (83) 12 (92) 34 (97)
Malposition identified 6 (9) 4 (6) 2 (67) 3 (12) 2 (17) 1 (3)
Malposition categoryd Coiled electrode 1 (17) 1 (25) – – 1 (50) –

Tip foldover 1 (17) 1 (25) – – 1 (50) –
Underinserted 3 (50) 1 (25) 2 (100) 3 (100) – –
Overinserted 1 (17) 1 (25) – – – 1 (100)

TIM performancee TIM pattern variant with normal x-ray 14 (18) 14 (18) 0 (0) 1 (3) 7 (54) 5 (14)
Normal TIM pattern with abnormal x-ray 2 (3) 1 (1) 1 (33) 2 (7) 0 (0) 0 (0)

aTwo patients had two TIM patterns within their heatmap.
b% of patients with specific TIM pattern variants on testing.
cSeven patients had an x-ray that could not be adequately assessed, or utilized intraoperative fluoroscopic guidance.
d% of malposition identified on x-ray.
eDivided by total patients in column.
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details, in addition to anatomic and electrode review, were
completed for each TIM category to better understand the
anatomic and operative context for each case.
Descriptive statistics were utilized to analyze study data.

Categorical data were analyzed with percentages, and con-
tinuous data were analyzed utilizing the median or mean
and standard deviation.
RESULTS

Seventy-seven patients had an identified risk for labyrin-
thine or cochlear abnormality on preoperative imaging or
history and had available intraoperative TIM data. The av-
erage age at implant was 33.4 years (range, 6 months–
86 years). Sixty-four percent (n = 49) presented with bilat-
eral hearing loss, 21% (n = 16) underwent bilateral implan-
tation, and 4% (n = 3) underwent revision CI surgery. The
most common device implanted was the Cochlear Profile
632, representing 45% (n = 35) of cases, followed by the
Profile 612 at 38% (n = 29) and Profile 622 at 17%
(n = 13). The top three labyrinthine risk factors identified
included CPA tumor in 29% (n = 22), an isolated incom-
plete partition (IP) 2 at 14% (n = 11), and isolated
vestibular/SCC abnormality at 12% (n = 9). Of patients
with a CPA tumor, 45% (n = 10) had NF2, 32% (n = 7)
had previous surgery, 27% (n = 6) had intracochlear involve-
ment, and 27% (n = 6) had previous radiation. Of patients
who had previous resection of their CPA tumor, 23%
(n = 5) underwent a retrosigmoid approach, and 9%
(n = 2) underwent middle cranial fossa approach. Basic
Copyright © 2024 Otology & Neurotology, Inc. Un
demographic data, in addition to a full list of labyrinthine
risk factors, can be seen in Table 1.

Intraoperative XR was available for 70 patients (91%).
The remaining patients underwent insertion with fluoro-
scopic XR guidance or had XRs, which were deemed insuf-
ficient for study interpretation. Twenty-five percent (n = 19)
of all patients had a variant TIM pattern. The variant TIM
patterns were further analyzed and separated into 10 novel
categories, which can be seen in Figure 1. Table 2 provides
a breakdown of patient categorization based on TIM pattern
and subsequent XR findings for the entire cohort, in addi-
tion to subgroup analysis. Overall, 9% (n = 6) of electrodes
were malpositioned on intraoperative x-ray, of which 50%
(n = 3) were underinserted (insertion <1 cochlear turn and
extracochlear electrodes), 17% (n = 1) were overinserted
(insertion ≥1.5 cochlear turns with 632 electrode), 17%
(n = 1) demonstrated a tip foldover, and 17% (n = 1) demon-
strated a coiled electrode.

The number of patients with a variant TIM pattern and
normal XR was 18% (n = 14). The number of patients with
normal TIM pattern and abnormal XR was 3% (n = 2) for
the entire cohort. Further details surrounding patients with
variant TIM patterns and XRs are provided in Table 3.
The two patients with a normal TIM pattern and malposi-
tion on XR involved underinsertion of the electrode, which
was recognized by the surgeon at time of implantation and
was deemed to be the most optimal positioning based on
the patient’s pathology. Breaking down the variant TIM
patterns with normal XR, 31% (n = 4) were categorized
as central heat, 23% (n = 3) were categorized as apical heat,
15% (n = 2) were categorized as skip heat, and then one
Otology & Neurotology, Vol. 45, No. 9, 2024
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Labyrinthine Risk Category

Cochlear
Hypoplasia

(III)

Cochlear
Hypoplasia

(IV) Cogans
Common
Cavity

Decreased
Fluid
Signal

CPA
Tumor

Enlarged
VA

Isolated
IP2

Intracochlear
Schwannoma

Labyrinthitis
Ossificans Misc. Mondini Otosclerosis

Vestibular
and SCC

Abnormality

1 (100) 3 (100) 1 (100) 1 (100) 1 (100) 22 (100 5 (100) 11 (100) 1 (100) 2 (100) 6 (100) 7 (100) 7 (100) 9 (100)
1 (100) 1 (33) 1 (100) 1 (100) 1 (100) 2 (9) 1 (20) 5 (45) 0 (0) 1 (50) 1 (17) 3 (43) 0 (0) 1 (11)
– – – – – – – 2 (40) – – 1 (100) – – 1 (9)
– – – 1 (100) 1 (100) 1 (50) 1 (100) – – – – 1 (33) – –
– – 1 (100) – – – – – – – – – – –
– – – – – – – 2 (40) – – – 2 (67) – –
– 1 (100) – – – – – – – – – – – –
– – – – – – – – – – – 1 (33) – –
– – – – – – – – – 1 (100) – – – –
– – – – – – – 1 (10) – – – – – –
– – – – – 1 (50) – – – – – – – –
1 (100) – – – – – – 1 (10) – – – – – –
1 (100) 3 (100) 1 (100) 1 (100) 1 (100) 18 (82) 5 (100) 9 (82) 1 (100) 2 (100) 6 (100) 6 (86) 7 (100) 9 (100)
1 (100) 0 (0) 0 (0) 0 (0) 0 (0) 2 (11) 0 (0) 2 (22) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 0 (0)
1 (100) – – – – – – – – – – – – –
– – – – – – – 1 (50) – – – – – –
– – – – – 2 (100) – – – 1 (100) – – – –
– – – – – – – 1 (50) – – – – – –
0 (0) 1 (33) 1 (100) 1 (100) 1 (100) 2 (9) 1 (20) 3 (27) 0 (0) 0 (0) 1 (17) 2 (29) 0 (0) 1 (11)
0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (22) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
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patient each demonstrating basal cooling, basal heat, insuf-
ficient, and electrode streak patterns (see Fig. 1 for further
explanation of observed patterns).
Therewere four TIM patterns that correspondedwith a true

XR malposition compared to a standard insertion, including
red sea, X pattern, ocean pattern, and skip heat. The skip heat
pattern was only identified in patients with IP2/Mondini mal-
formation and occurred with all three electrode types. Only
one patient with skip heat pattern had concurrent XR malpo-
sition, which demonstrated an overinsertion. As this patient
TABLE 3. TIM variant an

Operative Deta

Labyrinthine Risk Factor
X-Ray

Malposition
Malposition

Type
TIM Pa
Varia

Cochlear hypoplasia (CH-III) Yes Coiled
electrode

Varia

Cochlear hypoplasia (CH-IV) No – Varia
Cogans No – Varia
Common cavity No – Varia
Decreased labyrinthine fluid signal No – Varia
CPA tumor Yes Underinsertion Norm

No – Varia
No – Varia
Yes Underinsertion Norm

Enlarged vestibular aquaduct No – Varia
Isolated incomplete partition of

apex and middle turn
No – Varia
No – Varia
Yes Tip foldover Varia
No – Varia
Yes Overinsertion Varia

Labyrinthitis ossificans Yes Underinsertion Varia
Misc. temporal bone erosion/surgery No – Varia
Mondini No – Varia

No – Varia
Unavailable Varia

Isolated vestibule and
SCC abnormality

No – Varia

Otology & Neurotology, Vol. 45, No. 9, 2024
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also had IP2, it is possible the skip heat patternwas in relation
to the anatomic abnormality and not the overinsertion. All pa-
tients with skip heat pattern who had available intraoperative
XRs demonstrated that the location of the isolated high elec-
tric potential correlated consistently with the apical and mid
array electrodes found in proximity on their imaging. Preop-
erative CTor magnetic resonance imaging (MRI) was evalu-
ated to measure the interscalar septum width for all IP2/
Mondini malformation patients, with results highlighted in
Table 4. An interscalar septum width <0.5 mm or absent
d position test details

ils TIM Performance

ttern
nt TIM Pattern

TIM Pattern Variant
with Normal X-ray

Normal TIM Pattern
with Abnormal X-ray

nt Red sea No No

nt Basal cooling Yes No
nt Basal heat Yes No
nt Central heat Yes No
nt Central heat Yes No
al – No Yes
nt Insufficient Yes No
nt Central heat Yes No
al – No Yes
nt Central heat Yes No
nt Apical heat Yes No
nt Apical heat Yes No
nt X pattern + red sea No No
nt Skip heat Yes No
nt Skip heat No No
nt Ocean pattern No No
nt Apical heat Yes No
nt Electrode streaks Yes No
nt Skip heat Yes No
nt Skip heat + central heat NA NA
nt Apical heat Yes No

zed reproduction of this article is prohibited.



TABLE 4. Isolated incomplete partition II and MONDINI anatomy analysis

Anatomy Operative Details TIM Performance

Patient
No.* Anomaly

Interscalar
Septum Width

(mm) Electrode
X-Ray

Malposition
Malposition

Type

TIM
Pattern
Variant TIM Pattern

TIM Pattern
Variant with
Normal
X-Ray

Normal TIM
Pattern with

Abnormal X-Ray

1 Isolated IP2 Absent at distal
basal turn

Profile 622 No – Variant Skip heat Yes No

2 Mondini Absent at distal
basal turn

Profile 622 No – Variant Skip heat Yes No

3 Mondini Absent at distal
basal turn

Profile 622 No – Variant Electrode streaks Yes No

4 Mondini Absent at distal
basal turn

Profile 612 Unavailable – Variant Skipheat + central heat NA NA

5 Isolated IP2 0.3 Profile 622 Yes Tip foldover Variant X pattern + red sea No No
6 Isolated IP2 0.4 Profile 632 Yes Overinsertion Variant Skip heat No No
7 Isolated IP2 0.4 Profile 622 Unavailable – Normal – NA NA
8 Isolated IP2 0.4 Profile 612 Unavailable – Normal – NA NA
9 Mondini 0.5 Profile 632 No – Normal – No No
10 Isolated IP2 0.6 Profile 622 No – Normal – No No
11 Isolated IP2 0.6 Profile 622 No – Normal – No No
12 Mondini 0.6 Profile 632 No – Normal – No No
13 Mondini 0.6 Profile 632 No – Normal – No No
14 Isolated IP2 0.8 Profile 632 No – Variant Apical heat Yes No
15 Isolated IP2 0.9 Profile 632 No – Variant Apical heat Yes No

*Three patients removed due to artifact or image thickness preventing measurement.
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interscalar septum at the pars ascendens of the basal turn of
the cochlea resulted in consistent abnormal TIM patterns,
and the possibility of a skip heat pattern (Fig. 2).

DISCUSSION

Confirming optimal electrode position is a crucial step of
cochlear implantation and predicting good outcomes. TIM
has demonstrated high sensitivity and specificity for electrode
foldover within the normal cochlea; however, the impact of
labyrinthine abnormalities on cochlear voltage propagation
and subsequent TIM heatmap impact is less understood
(6–8,10). This study defines novel patterns for TIM heatmap
characterization to facilitate more objective collaborative and
comparative research moving forward. In doing so, it high-
lights a new pattern termed skip heat, which corresponds
with a deficient interscalar septum of the cochlea pars
ascendens in patients with IP2 malformations. Overall,
the data assist the surgeon in better understanding the im-
plications and limitations of TIM patterns within groups
of patients with risk of labyrinthine abnormalities, to better
contextualize and inform intraoperative decision making.
An isolated vestibular abnormality, enlarged VA, otoscle-

rosis, intracochlear schwannoma, CPA tumor, idiopathic
decreased MRI fluid signal, common cavity, Cogan’s syn-
drome, and cochlear hypoplasia (IV) did not result in unre-
liable sensitivity to foldover in relation to XR results in the
patients studied. TIM patterns in these patients did demon-
strate subtle variations in heat or cooling signatures that did
not always correspond to an XR malposition. Our interpre-
tation was limited to heatmap analysis and XR assessment;
however, future application of Shannon entropy, spatial
correlation, exponential decay constant, and electric field
dispersion gathered from TIM data may provide findings
Copyright © 2024 Otology & Neurotology, Inc. Un
characteristic to different pathologies, which explain the
subtle heatmap changes seen (16).

The most consistent factor that led to abnormal cochlear
voltage propagation is the width and integrity of the
interscalar septum separating the basal and middle turns.
This can arise in malformations such as a common cavity,
or as a spectrum of IP2 malformations. In our data, once
the interscalar septum width decreased below 0.5 mm, the
TIM heatmaps became consistently abnormal and unreli-
able (Fig. 2). The electrodes involved in the skip heat pat-
tern corresponded reliably with electrodes in proximity on
XR. The impact of such a pattern on pitch perception for in-
volved electrodes would be of interest. A skip heat pattern
was defined as two global maxima of electric potential oc-
curring in the heatmap, which were isolated by intervening
low electric potential. This differed from an X pattern more
indicative of foldover, which was defined as two global
maxima of electric potential with high intervening electric
potential. A skip heat pattern may also be associated with
foldover events, and therefore until a larger series is com-
pleted to better contrast the two patterns, confirmatory
XR is recommended.

The most concerning outcome for a test would be the in-
ability to detect malposition. No tip foldovers were missed
in this study, which is in keeping with the accuracy of TIM
in the normal cochlea (6–8). There were two patients with a
normal TIM pattern interpretation and underinserted elec-
trode identified on imaging. While TIM pattern assessment
did not detect an underinsertion, the impedance testing of
the device did demonstrate open circuits of the basal array
electrodes, which can represent extracochlear electrode lo-
cation. Open circuits of the basal electrode can also be a
common temporary phenomenon at time of surgery sec-
ondary to fluid loss in the cochlea, which is why their
Otology & Neurotology, Vol. 45, No. 9, 2024
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FIG. 2. TIM pattern correlation with Interscalar septum width.
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occurrence did not initially prompt an “insufficient” inter-
pretation. Subsequent review of both cases, taking into ac-
count the open circuits and electrode position seen on x-ray,
allows one to appreciate extracochlear placement. Most im-
portantly, both cases of underinsertion with normal TIM
pattern interpretation in this study had been appropriate
recognized by the surgeon at the time of surgery, where fur-
ther insertion was deemed not to be technically feasible.
The first patient had undergone resection of a vestibular
schwannoma via retrosigmoid approach, which resulted
in significant labyrinthine ossification. This was known
prior to insertion of a Profile 612 device, and thus
underinsertion was anticipated. The second patient carried
a diagnosis of NF2 and untreated vestibular schwannoma
and had previously had a CI placed at an outside center with
only eight electrodes in the cochlea. Revision surgery was
completed with a Profile 612, which yielded a deeper but ul-
timately still incomplete insertion. Both cases highlight the
importance of evaluating TIM patterns in the context of sur-
gical findings and integrity testing to ensure malposition is
not missed.
The TIM pattern correlation performed well when recog-

nizing extreme variations. In addition to an open circuit, an
electrode outside of the cochlea from underinsertion could
Otology & Neurotology, Vol. 45, No. 9, 2024
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also theoretically result in a low cochlear electric potential,
as the voltage transmission is hindered by gas of the middle
ear space. The ocean pattern was studied to identify
underinserted electrode arrays. The ocean pattern, defined
as >25%of the electrode heatmap demonstrating lowelectric
potential, correlated well with a significantly underinserted
electrode. The extreme for high cochlear electric potential,
the red sea pattern, defined as >25% of the electrode heatmap
demonstrating high electric potential, correlated well with
two patients that experienced coiled electrode or foldover.

More subtle pattern variants such as the basal cooling
pattern, in which no evidence of voltage spread is demon-
strated by the basal 3 electrodes, could theoretically capture
less extensive underinsertions; however, this was not ob-
served. Both basal cooling and basal heat patterns were as-
sociated with normal electrode position on XR, highlight-
ing the difficulty of elucidating granular basal cochlea
electrode detail utilizing TIM. Multiple intraoperative is-
sues could explain these variations. For example, lower
electric potential (blue) at the basal turn could be the result
of temporary perilymph loss following cochleostomy or
opening of the round window. As insertion progresses
and deeper electrodes encounter perilymph, the resulting
voltage propagation increases, resulting in more relative
zed reproduction of this article is prohibited.
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change along the electrode array. In addition, the timing of
TIM measures and soft tissue packing of the cochleostomy
site could also theoretically result in case-by-case variations
seen in basal TIM readings despite similar array positions.
TIM technology is still in its infancy, and these factors must
be studied before conclusive statements can be made.
Klabbers et al. (9) hypothesized that relative TIM changes

could be a result of a current sink near the cochlear base, such
as the internal auditory meatus, cochlear aqueduct, and mid-
dle ear. At the apex, changes in resistivity were thought to oc-
cur due to a reduction in cochlear diameter towards the apex
and changes in distance from the reference electrode (9). Our
TIM evaluation methodology is pragmatic; however, our low
sensitivity for insertion depth in the cohort is limited by the
use of visual heatmap interpretation (rather than raw data
analysis) and manufacturer defined display settings. Manipu-
lation of testing parameters and study of cadaveric specimens
has demonstrated that TIM technology may hold potential to
reliably detect extracochlear electrodes and insertion depth in
the future (17,18).
Apical heat, central heat, and electrode streak patterns all

resulted in normal array positions on XR and contributed
greatly to the number of patients with a variant TIM pattern
and normal XR findings. The cause of these subtle changes
is difficult to interpret as the decay constant for each elec-
trode can depend on electrode type, location, tissue proper-
ties, and cochlear anatomy such as changes in cochlear lu-
men diameter previously described (11). Although further
research of these patterns may provide an explanation that
holds clinical significance, they may also ultimately repre-
sent variations of normal. Subtle TIM pattern variants are
also evident in patients with normal cochlear anatomy,
and further study to characterize and compare the incidence
and implications of these patterns in the normal cochlea
would be insightful. If the patterns are determined to be
normal variants, this information would provide utility for
surgeons to allow reassurance when they occur. A differ-
ence noted between a benign apical heat pattern and
foldover is the smooth flare of higher electrical potential
seen in a normal electrode insertion, compared to the char-
acteristic X pattern seen with a foldover (Fig. 1).
Study of TIM technology to determine perimodiolar posi-

tion and translocation occurrence is underway through iden-
tification of characteristic modulations of electric voltage,
which could be explained by subtle TIM pattern variants
(19). DeMiguel et al. (10) completed testing on three cadav-
eric temporal bones and found that a more “homogenous”
TIM pattern corresponded with better intracochlear position
and formed the bases for our defined “Normal” pattern in
our study. Subsequent CT imaging by De Miguel et al.
(10) also demonstrated closer perimodiolar positioning with
a higher transimpedance slope. Combining standard TIM re-
sults with additional electrophysiologic tests and utilizing
objective measures such as the intracochlear position index
(ICPI), homogeneity factor (HF), wrapping factor, and nor-
malized wrapping factor hold promise to refine TIM posi-
tion analysis (20,21).
Previous research has demonstrated a possible impact of

electrode choice and TIM pattern since perimodiolar
Copyright © 2024 Otology & Neurotology, Inc. Un
electrodes have demonstrated a more homogenous TIM
pattern compared to straight electrodes (22). Preliminary
studies have also reported a potential correlation of favor-
able TIM heatmaps with hearing resolution and listening
effort (22). The spread of electrode-generated intracochlear
voltage may correlate with spread of excitation (SOE) in
apical portions of the cochlea and explain the connection
with CI performance (23,24). In our study, there was a
higher number of patients with a variant TIM pattern and
normal XR arising from the 622 lateral wall electrode;
however, this may partially be explained by the biased use
of the electrode at our center, which is selected preferen-
tially in patients at higher risk of perimodiolar foldover.

As the overall sample size for each malformation risk
factor is low in our data, and some malformations are not
represented at all, caution is still advised with foregoing
postoperative XR in these patients. However, as TIM tech-
nology continues to advance, it will likely gain an even
more important role in ensuring proper placement of a co-
chlear implant electrode array and has the potential to re-
place intraoperative imaging entirely. We recognize that
additional variations from a strictly “normal” TIM pattern
may exist that do not fit our novel defined patterns, that
more than one pattern may coexist, and that future work
may redefine patterns to ultimately be normal. This is im-
portant work for the future of this space, in addition to fur-
ther objective criteria utilizing numerical criteria. In our
cohort, TIM demonstrated excellent sensitivity to extreme
situations, recognizing a coiled electrode or foldover in
100% of cases. Gross malposition of an electrode in an
extracochlear location in the vestibule/superior semicircu-
lar canal, hypotympanum, carotid canal, or internal audi-
tory canal did not occur in our series, and therefore we
are unable to comment on TIM accuracy in these situations
(6). IAC insertion is a real risk with common cavity
malformations, and therefore some additional form of im-
aging is still advised when this is encountered. Although
the common cavity insertion TIM was normal in our study,
insertion occurred with intraoperative fluoroscopic guid-
ance resulting in ideal positioning before TIM testing oc-
curred, and therefore TIM results may not be generalizable.
To prevent unrecognized underinsertion, TIM data should
be combined with wide facial recess exposure to optimize
visualization of electrode insertion depth, in addition to
neural response thresholds (NRT) data (in patients where
reliable NRT is expected), to create an entire multifactorial
picture of the electrode array.

CONCLUSIONS

Early use of TIM in patients with risks of cochlear mal-
formation demonstrates accuracy in identifying electrode
foldover; however, larger patient accrual is required before
making strong claims on foregoing intraoperative imaging
confirmation. Further research to improve the ability for
TIM to detect electrode over and underinsertion is needed.
A unique TIM pattern noted in IP2 malformations may
have clinical significance in postoperative programming
and warrants further study.
Otology & Neurotology, Vol. 45, No. 9, 2024
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