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Introduction: Cochlear implants (CIs) enhance hearing by stimulat-
ing spiral ganglion neurons (SGNs) but are less effective in individ-
uals with compromised SGN functionality. Advances in regenerative
medicine suggest that local delivery of medical drugs or cell therapy
could regenerate the auditory nerve. This study evaluates a minimally
invasive technique for precise delivery of cell-sized beads, simulating
cell therapy, into the cochlear modiolus of human temporal bones.
Methods: Ten fresh-frozen human temporal bone specimens were
used. Five bones served to establish the injection trajectory using a
tungsten rod probe, and the remaining five for injecting microbeads
into the modiolus. The surgical procedure involved accessing the
middle ear via the external ear canal, performing a cochleostomy
at the first cochlear turn, and drilling into the modiolus. Beads were
injected into themodiolus using a Hamilton syringe connected to an
injection pump, followed by micro-computed tomography imaging
and histological assessment.
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Results: Accurate placement of the tungsten rod probe within the
modioluswas achieved in four out of five bones.Microbead injections
indicated 89 to 97% retention within the modiolus, withminimal leak-
age. The technique showed consistent trajectory with low variability.
Conclusion:The study demonstrates the feasibility of a minimally
invasive, precise injection method for delivering and retaining
cell-sized beads into the cochlear modiolus. This technique en-
ables future local delivery of medical drugs or cell therapy drugs
aimed at hearing restoration, benefiting both current CI users
and CI candidates. Further research is necessary to evaluate preci-
sion, reproducibility, and long-term outcomes of the procedure.
Key Words: Cell therapy—Inner ear surgery—Method develop-
ment—Modiolar injection—Route of administration—Temporal
bone—Transcanal access.
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INTRODUCTION

Partial restoration of hearing can be achieved in severe-
to-profound hearing-impaired patients by direct electric
stimulation of spiral ganglion neurons (SGNs) using a co-
chlear implant (CI), thereby circumventing the impact of hair
cell loss. However, effectiveness of a CI depends on the pres-
ence and functionality of SGNs, implying that individuals
with limited or absent SGN numbers or function will not
benefit fully from an implant. Today, this subgroup of existing
CI users and potential CI candidates find themselves devoid of
alternative options, apart from an auditory brainstem implant.

Recent advances in regenerative medicine have sparked
interest in cell-based therapies as a potential breakthrough
for treating hearing loss. Stem cells, with their capacity for
self-renewal and differentiation into various cell types, hold
promise for regenerating auditory tissue, including SGNs.
For instance, Chen et al. (1) transplanted otic progenitor cells
derived from human embryonic stem cells (hESC) into the
cochlear modiolus of a gerbil model of auditory neuropathy,
demonstrating recovered auditory brainstem responses. How-
ever, other studies found poor cell survival 1 to 2 weeks after
transplantation of murine-derived stem cells into an animal
model (2–7). Crucial to success is the ability to deliver the
cells safely and precisely to the target structure in the cochlea.

Injection of cells directly into the modiolus, using intra-
modiolar injections, has been suggested in animal studies
(1,2,6) and the technical feasibility has been examined in
a couple of cadaveric human temporal bone studies (8–10).
A 250- to 300-μl scaffold-based gelwith hESCs could be de-
livered into the internal auditory canal (IAC), creating access
via a radical mastoidectomy followed by a cochleostomy in
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the basal turn immediately anterior–inferior to the round win-
dow niche, subsequently breaching the modiolar wall to the
IAC (9).Wrobel et al. (10) simulated an intramodiolar injection
by inserting ametallic electrode probe into the apicalmodiolus.
This procedure involved accessing the inner ear through the
external auditory canal and performing a tympanotomy,
followed by a cochleostomy at the end of the second turn,
ultimately breaching the modiolar wall. In a related study,
Li et al. (8) inserted a metallic probe into Rosenthal’s canal
in the basal turn via the round window membrane follow-
ing a mastoidectomy. All these approaches required signif-
icant surgical intervention into the temporal bone.
There is still an unmet need for a minimally invasive and

precise technique that avoids injection into the IAC (to mit-
igate the risk of spreading, e.g., otic progenitor cells into
the cerebrospinal fluid (CSF) and thus the entire central ner-
vous system (CNS) but allows the injection of a sufficient
volume into the modiolus. An optimal approach should also
be clinically applicable, fast, and with a low risk of damage
to surrounding structures.
In this work, we demonstrate the feasibility of injecting

several microliters of cell-sized metal and glass microbeads
into themodiolus of the human temporal bone, applying a fast
andminimally invasive surgical access from the external audi-
tory canal and a fixed and stable system for control of injec-
tion speed and volume. Our findings demonstrate that small
beads simulating cells can be accurately targeted to the basal
and midmodiolus with minimal tissue damage, as evidenced
by reconstructed micro-computed tomography (micro-CT)
scans and histological assessment. The approach is compati-
ble with an already implanted CI electrode array, suggesting
applicability to both existing CI users and CI candidates.

MATERIALS AND METHODS

Ten fresh-frozen human temporal bone specimens were
used for this study. Consistent with the local authorities’ ethi-
cal rules for handling human tissue, the temporal bones were
obtained from donors. The temporal bones were fresh-frozen
and for use slowly thawed at room temperature. To establish
the injection trajectory, a thin tungsten metal rod probe was
inserted into the cochlear modiolus in five temporal bones
and the temporal bone underwent scanning to visualize the
intended path. Subsequently, based on the trajectory estab-
lished, small, cell-sized glass or metal microbeads were
injected into the cochlear modiolus in five additional tem-
poral bones, in order to establish injection methodology, in-
cluding aspects of precision and volume.

Transcanal Access to the Modiolus
The preparation of the temporal bone specimens and the

surgical approach were performed under a surgical micro-
scope using standard ear surgery instruments.
Themiddle ear was accessed via the external ear canal. The

tympanic membrane was elevated while preserving the ossic-
ular chain. Anatomic landmarks were visualized, including
the ossicles, the promontory, the round window niche, and
processus cochleariformis, being the same as when finding
the scala tympani to place a split CI electrode. The scala
tympani at the end of the first cochlear turn was blue-lined
immediately anterior to the stapes footplate, immediately in-
ferior to cochleariform process, using a Ø 1.0-mm bur
(Medtronic, USA). Drilling was performed until themembra-
nous labyrinth shined through the thinned-out bone, which
was removed with a micro pick, allowing access to the tym-
panic duct of the end of the first cochlear turn, exposing the
modiolus. Next, the modiolus was entered and opened by
careful drilling at the center of the modiolar wall, just above
Rosenthal’s canal, creating a round modiolostomy, and sub-
sequently a void within the modiolus, corresponding to the
0.5-mm ball-shaped drill head (Medtronic, USA).

Insertion and Visualization of a Tungsten Metal
Rod Probe

To indicate the trajectory path and precision of a simu-
lated intramodiolar injection, the tip of a tungsten rod probe
(Tungsten Rod, Ø 127 μm × 76.2 mm, #71600, A-M Sys-
tems, USA) was carefully advanced into the modiolus.
The probe was fixed using tissue glue (Loctite® 4,161,
Henkel, GE), followed by micro-CT imaging of the tempo-
ral bone (Zeiss Xradia 480 Versa, Carl Zeiss X-ray Micros-
copy Inc., Germany; output 80 kV, 9,000 ms exposure, voxel
edge length 19 μm).

Injection and Visualization of Cell-Sized Microbeads
in the Modiolus

To simulate an injection of cells, microbeads with a size
comparable to cells were injected into the cochlear modiolus.
The first two bones were injected with glass beads for training
purposes, the following three bones with small stainless steel
beads (Ø 41–48 μm, #SSMMS-7.8 41–48 μm, Cospheric,
USA). The stainless steel beads were dissolved 3:1 in Hank’s
balanced salt solution (-Ca2+/-Mg2+) (cat no. 14175-053,
Gibco, Thermo Fisher Scientific, USA) containing 0.2% hu-
man albumin serum (Recombumin Elite, Albumedix, UK)
and vitrogel (VitroGel®, TheWell Bioscience, USA), giving
a final concentration of 167 mg beads/ml formulation. The
beads were injected using a 10-μl Hamilton syringe (701 RN
10 μl, #7635-1, Hamilton, Romania) with a blunt G24 needle
(ga24, PST3, Hamilton, USA), placed in a micromanipulator
and coupled to an injection pump (UMP3T-1, World Precision
Instruments,USA).Avolume of 2 μlwas injected at 250 μl/min
in the first bone (TB03HR) and a 0.6-μl volumewas injected at
100 μl/min in the next two bones (TB04H L, TB05H R). The
needle was left in place for 1 to 2 minutes to prevent backflow,
whereafter the needle was carefully removed and the modiolar
wall opening was manually sealed with Surgicel (Tabotamp,
reabsorable haemostyptikum, #1901, Ethicon, Germany) to
contain the injected volume within the modiolus. The bones
were embedded in resin, see details underHistological Prep-
aration and Microslicing below, and subjected to a volume
scan in a preclinical, cabinet cone-beam micro-CT (μCT
100, software version 1.2b; Scanco Medical, Switzerland).
The scans were conducted with an output of 45 kVp, an ex-
posure time of 3,000 ms (600 μAs), and a voxel edge length
of either 16.4 μm (TB03H R, TB04H L, TB05H R) or
24.5 μm (TB01H L, TB02H R).
Otology & Neurotology, Vol. 46, No. 4, 2025
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3D Reconstruction of Micro-CT Imaging for
Evaluation of Surgical Access Trajectory Path,

Cochleostomy Measures, Precision of Modiolar Access
and Modiolar Retainment of Injected

Cell-Sized Microbeads
The DICOM images were processed using Amira 3D (v.

2023.2; Thermo Fisher Scientific, FEI SAS, Bordeaux,
France). Initially, the DICOM images of TB01H R were
transformed to orient the modiolar axis perpendicular to
the x-axis of the image stack. Subsequently, all other TB im-
aging datasets were registered to the same planes, achieving
consistent orientation. The transformed datasets were then
stored again as DICOM files.
Cochleae and ossicles were segmented and labeled using

the segmentationmodule of Amira 3D. Themetal probes and
the injected stainless steel beads, identified by the highest
white value in volume scan, were segmented separately.
Three-dimensional vertex surface representations of the seg-
mentation labels were generated in Amira 3D using the “gen-
erate surface” module, applying constrained smoothing to
preserve the surface representation of single beads.
All angular, length, and volume measures were extracted

in Amira 3D using the measuring tools and the label statistics
port. Measures are represented in length, and volume mea-
surements are shown in cubic millimeters, rounded to two
decimal places. The number of cochlear turns and angular po-
sitions were taken relative to the center of the round window.
To determine a safe approach route for the surgical ap-

proach, two sets of four fiducials were established for both
the surgical entry point and cochleostomy. The surgical en-
try point refers to the opening toward the promontory, and
the cochleostomy refers to the opening toward the scala
tympani. These fiducials were used to determine the width
and height of the two fenestrations in a manner that would
prevent any damage to the cochlear base. Ellipses were fit
through the centers of the fiducials for each set, and their
area was calculated (area A = Pi × 1/2 height × 1/2 width).
Stack tools in ImageJ (v. 1.54; NIH, USA) were used to

create Z-projections from the transformed DICOM images
for figures. In some cases, the “re-slice” tool was used to
adjust the projection plane, for example, parallel to the sur-
gical approach. The projections utilized either average in-
tensity or standard deviation of intensity to visualize high-
contrast edges.

Histological Preparation and Microslicing
Histological preparation was based on methods described

by Sieber et al. (11) to allow qualitative histological visuali-
zation of the injected beads and cochlear tissue. After injec-
tion of the beads, the temporal bones were placed in a mold
and fully immersed in a fixation solution of 4% formalin in
phosphate-buffered saline (PBS). Following 72 h of storage,
the specimens were rinsed in PBS to remove any residual
formalin. Dehydration was carried out in four steps, with se-
quential immersion in 70, 90, and 100% ethanol, followed
by 100%methanol, and with each step for 2 days. To enhance
the contrast of soft tissue structure against the embedding
epoxy, 0.1% acid fuchsin was added during the ethanol
steps. After dehydration, the specimens were dried at room
Otology & Neurotology, Vol. 46, No. 4, 2025
temperature in a fume hood for approximately 1 hour. Sub-
sequently, the specimens were embedded in epoxy resin
(SPECI-FIX 40, STRUERS, Denmark) to immobilize and
preserve mobile structures within the temporal bone, such
as membranes and the ossicular chain, during further pro-
cessing. To ensure optimal penetration of the epoxy resin
into the smaller lumina of the temporal bones, the embedded
specimens were placed in a vacuum desiccator. The embed-
ded specimens were then subject to μCTand afterward cured
at room temperature for at least 7 days before proceeding
with additional processing steps.

Microslicing was conducted through sequential grinding
and microscopic documentation of the specimens. Grinding
was performed using an AutoMet250 Grinder-Polisher
(BUEHLER, Lake Bluff, IL, USA) equipped with silicon
carbide grinding paper with a grit size of P800. After each
grinding step, the newly exposed layer was documented using
a VHX-2000 measurement microscope (KEYENCE Corpo-
ration, Osaka, Japan), equippedwith aVH-Z20UR zoom lens
set to 20× magnification and employing image stitching
functionality. The extent of material removal was deter-
mined by measuring the height of the remaining overmold
using a micrometer gauge.

RESULTS

Surgical Procedure Step-by-Step
The modiolus was exposed in all 10 temporal bones by a

cochleostomy into scala tympani at the end of the first co-
chlear turn via a transcanal approach under microscopic con-
trol, using standard ear surgery equipment and small diameter
burs (see schematic illustration of the approach in Fig. 1A, B).
The temporal bone was positioned corresponding to a stan-
dard ear surgery procedure, i.e., with the patient lying on the
back and the head turned away to a varying degree, depending
on the individual ear canal and middle ear anatomy. After
transcanal tympanotomy and tympanic membrane elevation,
the cochleostomy was performed immediately anterior to the
stapes footplate, immediately inferior to the cochleariform
process (Fig. 1C-D), allowed by access between the long
process of the incus and the malleus handle. Cochleostomy
drilling was performed until the membranous labyrinth
shined through the thinned-out bone, which was removed
with a micro pick, allowing access to the tympanic duct at
the end of the first cochlear turn, exposing the modiolus
(FIG. 1E-F). The modiolus was entered and opened by care-
ful drilling at the center of the modiolar wall, just above
Rosenthal’s canal, creating a round modiolostomy, and sub-
sequently a void within the modiolus, corresponding to the
0.5-mm ball-shaped drill head (FIG. 1G).

Evaluation of the Surgical Access Trajectory Path
by 3D Rendered μCT Imaging

To simulate the trajectory and target end point for an
intramodiolar injection, the tip of the tungsten rod probe
was inserted carefully into the modiolus and fixed with glue,
followed by μCT imaging. Imaging showed that the probe
tip was in the modiolus in four of the five temporal bones
(Table 1). In one case, the probe tip missed the modiolus



FIG. 1. Illustration and otomicroscopic images of the step-by-step procedure for injecting cells or medical drugs into themodiolus (left ear).A, Illustration
of the surgical approach showing injection of cells or medicinal drugs (green) into the modiolus via access from the end of the first cochlea turn; B, illus-
tration of the site of the cochleostomy (orange) and anatomical landmarks; C, a cochleostomy is performed immediately anterior to the stapes footplate,
immediately inferior to the processus cochleariformis, creating a scala tympani opening toward the modiolus at the end of the first cochlear turn; D, the
cochleostomy (whitearrow) is approximately 2mm indiameter.Additional anatomical landmarksarehighlighted;E, thecribriformmodiolarwall is identified
(asterisk); F,when angling the temporal bone somewhat, the path of the scala tympani becomes evident (dark area to the left and right of the modiolus).
The apex is in the superior–anterior direction;G, aØ 0.5mmdrill is used to gently breach and open themodiolar wall, creating a roundmodiolostomy;H,
cell-sizedmetal microbeads (arrow) have been injected into themodiolus using a 24Gneedle (2mmscale inB andC; 1mmscale inC–F). Ant indicates
anterior; coch, cochlea; cp, cochleariform process; fn, facial nerve; Ica, internal carotid artery; in, incus; inf, inferior; lsc, lateral semicircular canal; ma, mal-
leus; mma, midmodiolar axis; mod, modiolus; ow, oval window; pos, posterior; pp, pyramidal process; pr, promontorium; rw, round window; rwn, round
window niche; sfp, stapes footplate; sm, scala media; st, scala tympani; sup, superior; sv, scala vestibuli; ttm, tensor tympani muscle; vt, vestibule.
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FIG. 2. Surgical trajectory pathway precision and angles demonstrated by insertion of a metal rod probe, illustrated by μCT imaging of three of
the temporal bones. A–C. μCT images of three representative temporal bones (TB) from a bottom view with the tip of a thin tungsten metal rod
probe (white) targeted to themodiolar center. A, The probe tip in the osseous spiral lamina, missing the target in themodiolus;B, the probe tip is
in the lateral part of the modiolus, semi on-target in the modiolus; C, the probe tip is on-target in the modiolus center; D. 3D reconstruction of a
temporal bone with insertion of the probe into the modiolus; E, a schematic illustration of the various precision and angle measures extracted
from the 3D rendered μCT images, including angles of the probe relative to the round window–modiolar axis (α), the stapes footplate (β), and
themidmodiolar axis (γ). Results are detailed in Table 1. Fn indicates facial nerve canal; fp, stapes footplate; mod, modiolus; rw, round window.
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entirely (Fig. 2A). In two cases, the probe tip was within the
modiolus, but not centered optimally (example in Fig. 2B),
and in the remaining two cases, the probe tip was located in
an optimal position at the center of the modiolus (example
in Fig. 2C). 3D reconstruction of a bone with the rod probe
tip on-target is shown in Figure 2D. Table 1 shows quantifica-
tion of the variability of the angle of the surgical trajectory
path to the modiolus, based on 3D rendered μCT scans. The
insertion point was on average 339.5° (SD ± 8.23°) relative
to the round window, corresponding to a location in the end
of the first cochlea turn. The probe tip hit the vertical
midmodiolar axis on average 72.2° (SD ± 6.3°), implying a
trajectory path less than perpendicular to the midmodiolar
axis. The relatively low standard variation (SD <7°) in the
three angles (α, β, γ) describing the probe trajectory indicates
TABLE 1. Means and variability of surgical trajectory path angles b
metal rod probe inserted

TB Specimen Insertion re. rw (°) α

TB04K R 332.9 −17.4
TB05K L 353.0 −4.8
TB06K L 338.1 −1.5
TB07K L 340.5 −2.2
TB08K R 333.0 −0.7
Mean 339.5 ± 8.23 −5.3 ± 6.9

The probe was inserted through a cochleostomy at the end of the first cochlear t
Figure 2E.α indicates angle of the probe relative to the round window–modiolar ax
angle of the probe relative to the midmodiolar axis; rw, round window; TB, temp
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low variability in the procedure and/or that there is limited
space to navigate the probe once the modiolus is identified.

Evaluation of the Cochleostomy by 3D Rendered
μCT Imaging

To test the feasibility of the injection of cells, microbeads
with a size comparable to cells were injected into the cochlear
modiolus in five temporal bones. The dimensions of the bones
used for insertion of a metal probe (TB04K–TB08K, see
above) and for injection of microbeads (TB01H–TB05H)
were similar (Supplementary Table 1, http://links.lww.com/
MAO/C69; Fig. 3A,B). For the bones injected with beads,
the size of the cochleostomy opening toward the tympanic
scala amounted to 1.38 mm2 (SD ± 0.29 mm2) with awidth
and height of 1.58 mm (SD ± 0.27) and 1.13 mm
ased on 3D rendered μCT scans of the five temporal bones with a
into the modiolus

β γ Modiolus Hit? (Y/N)

35.2 74.8 N
30.7 79.8 Y
31.6 76.8 Y
28.1 65.1 Y
29.7 67.1 Y

31.1 ± 2.7 72.7 ± 6.3

urn, using a transcanal surgical approach. The three angles are illustrated in
is; β, angle of the probe relative to the orientation of the stapes footplate; γ,
oral bone; Y, Yes; N, No.

http://http://links.lww.com/MAO/C69
http://http://links.lww.com/MAO/C69


FIG. 3. Illustration of measures of the cochleae and the cochleostomy, and of a safe cochleostomy toward themodiolus.A,Measurements en-
compass the axes A and B (divided into Aa and Ab, as well as Ba and Bb at the modiolus), the base area (A*B), and the number of turns (spiral
angle); B, schematic of cochleostomy measures in bones injected with microbeads (n = 5). The elliptical area of the drilling entry into the lateral
wall of the cochlea from the middle ear (entry point area, Ae, orange) is defined by maximal height and width of the external bone opening. The
elliptical cochleostomy area (Ai, blue) is defined by the maximal height and width of the entry into the scala tympani, and the angular position of
the center of the cochleostomy measured from the center of the round window (red line). The area at the basal turn, prone to potential damage
during drilling, is marked in pink;C, eight fiducial points were placed to mark maximum height and width of the lateral cochlear wall drilling entry
point from the middle ear (orange) and the cochleostomy toward the scala tympani (blue), to delineate a safe surgical access route toward the
modiolus. A 0.5 ball tip drill and a 24G blunt needle are shown for size comparison; D–F, examples of three temporal bones shown as 3D seg-
mentations of the cochlea and the ossicular chain with the drilling entry point (orange) and cochleostomy opening (blue). Note that unintentional
drilling damage may occur toward the scala vestibuli of the basal turn (pink) in F. Ai(s) indicates safe area for cochleostomy; Ae(s), safe area for
entry point; in, incus; ma, malleus; mod, modiolus; ow, oval window; rw, round window; st, stapes.
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(SD ± 0.23 mm), respectively (Table 2). The cochleostomy
was not quantified in the bones with the probe inserted due
to the large artifact from the electrode probe, which hin-
dered precise measurements.
The area of the surgical entry point from the middle ear

(Ae) and the cochleostomy towards the tympanic scale (Ai)
was enlarged in the last two bones (TB04H L, TB05H R)
to improve visualization of the injection site during the
microbead injection. This inadvertently introduced a perfo-
ration into the scala vestibuli, causing damage to the basal
turn (avoidance of thiswas not the focus) (Table 2, appointed
area in Fig. 3B).

To prevent such damage, eight points were established
based on measures in Table 2, to determine the height and
width of both entry point and cochleostomy, defining a safe
surgical access route through the temporal bone. These
Otology & Neurotology, Vol. 46, No. 4, 2025



TABLE 2. Measures of the external cochleostomy surface area (entry from the middle ear) and internal cochleostomy surface area
(opening into the tympanic scale) in the five temporal bones injected with microbeads

TB Specimen
Entry Height

(mm)
Entry Width

(mm) Ae (mm2)
Coch Center
(° re rw)

Coch Width
(mm)

Coch Height
(mm) Ac (mm

2)
Basal Turn

Damage (Y/N)

TB01H L 1.77 2.45 3.41 338.7 1.73 0.9 1.22 N
TB02H R 1.59 2.24 2.80 344.1 1.75 0.85 1.17 N
TB03H R 1.67 1.75 2.30 332.5 1.12 1.3 1.14 N
TB04H L 2.12 2.27 3.78 340.8 1.58 1.25 1.55 Y
TB05H R 2.33 2.50 4.57 338.3 1.72 1.34 1.81 Y
Mean ± SD 1.9 ± 0.32 2.44 ± 0.30 3.37 ± 0.88 338.9 ± 4.2 1.58 ± 0.27 1.13 ± 0.23 1.38 ± 0.29

The measures are illustrated in Figure 3C. Ae indicates area entry point; Ac, area cochleostomy; coch, cochleostomy; TB, temporal bone; rw, roundwindow.
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fiducial markers and the resulting elliptical areas for entry
point (Ae(s) = 2.5 mm2) and cochleostomy (Ac(s) = 1.1 mm2)
are schematically shown in Figure 3C. Drilling within these
areas defined by the fiducial markers would allow modiolar
access without causing basal damage in all five specimens.
Three representative boneswithmarked entry point (orange)
and cochleostomy (blue) are displayed for comparison in
Figure 3D–F.

Evaluation of the Injection of Cell-Sized Microbeads
into the Modiolus

Through the surgical microscope, the first two temporal
bones were used to establish the injection protocol using
manual injection of the beads into the modiolus. This ap-
proach resulted in extensive spill-out of the beads into the
scalae (not shown). To prevent the movement of the needle
tip and enhance precision, a micropump andmicromanipula-
tor was subsequently used to inject the volume. This ensured
a stable positioning of the needle at the modiolus, effectively
allowing for the injection of an appropriate volume into the
modiolus.
The bulk of the injection was clearly visible and single

metal beads distinguishable in the histological preparation
(Fig. 4A). The high-density metal beads were also detectable
on the μCT images in the same specimen (Fig. 4B), allowing
segmentation of the beads (Fig. 4C). Worth noting is that
apart from the modiolostomy and intended void within the
modiolus, the modiolar anatomy remained intact.
The injection techniquewas progressively optimized across

injection of the following three temporal bones (Fig. 4D–F)
by adjusting injection volume, injection speed, and placement
of the needle, leading to an increased proportion of beads de-
posited within the modiolus (Fig. 4G).
In the first bone, the needle tip was positioned inside the

modiolus, resulting in 53% of the beads located on-target
within the modiolus, with a spilling of the remaining beads
into the scala tympani and along the surgical path, and some
into the IAC (Fig. 4D, G). The volume of beads and injection
rate were subsequently reduced to 0.6 μl and 100 μl/min, re-
spectively, with the needle tip positioned not within the
modiolus, but at the modiolar wall opening, thus increasing
the void in the modiolus to be filled and preventing bead
spill-out from back-flush. In the second bone, this adjust-
ment resulted in 89% of the beads being retained on-target
within the modiolus, largely avoiding spilling into the scala
tympani (Fig. 4E, G). The volume percentage of beads re-
maining within the modiolus after injection increased further
Otology & Neurotology, Vol. 46, No. 4, 2025
to 97% in the third temporal bone (Fig. 4F,G). In this final
specimen, the beads were located at a distance from the IAC.

Overall, the results demonstrate the feasibility of injecting
and targeting beads, comparable in size and shape to human
stem cell–derived otic progenitor cells, to the human cochlear
modiolus with minimal spilling or wash-out. The study
provides the detailed method and a proof-of-principle that
volumes of at least 0.5 μl can be successfully injected and
retained within the human modiolus using this approach.

DISCUSSION

Animal studies injecting cells directly into the modiolus
rather than into the perilymph or internal auditorymeatus have
shown the highest success rate in terms of cell survival, differ-
entiation, and neurite outgrowth (1,2,6,12–18). These find-
ings suggest that delivering cells directly into their target envi-
ronment is crucial, as this may provide necessary endogenous
neurotrophic factors and reduce the need for cell migration.

In this study,we demonstrate proof-of-principle of injecting
a small volume of microbeads into the cochlear modiolus of
human temporal bones using a transcanal approach. Such an
approach is readily familiar to many ear surgeons. Unlike
the few previous studies, this approach targets the end of
the first cochlear turn and thus the basal and midportion of
the modiolus, implicating that low-to-mid frequency hearing
is important for speech recognition. The targeted site offers
several advantages, including potential for a larger injection
volume, a low risk of damage to surrounding structures in-
cluding the vestibular system, the facial nerve, and chorda
tympani, and a safe distance from the IAC to avoid not only
leak of CSF, but also spread of injected material to the CSF
and further into the CNS. In addition, the transcanal ap-
proach is less invasive compared to access via a mastoidec-
tomy. More invasive approaches to access the modiolus,
such as removing the cochlear duct to improve visualization
for the resection of intralabyrinthine schwannomas followed
by cochlear implantation, have shown excellent audiological
results in recent studies (19–21). However, our approach pri-
oritizes minimizing damage, both as a general principle and
due to the heightened sensitivity of the patient group to fac-
tors such as compromised vascular supply and unwanted tis-
sue response, which are of particular importance in the context
of cell transplantation. Finally, the approachmay also be appli-
cable to existingCI userswith standard electrode arrays, as the
tip of the electrode is basal to the cochleostomy and modiolar
entry in most cases, although this remains to be explored. If



FIG. 4. Visualization of the metallic microbeads injected into the modiolus. A, Histologic image of a midmodiolar section of a micropolished
resin-embedded temporal bone specimen. The bulk of the injection is clearly visible within the modiolus (asterisk) and individual beads are dis-
tinguishable (see inset for larger scale);B, the high-densitymetal beads are clearly detectable in μCT imaging of the same specimen shown inA;
C, illustration of the volume segmentation of the injected beads (mint) based on 3D rendered μCT images (same temporal bone as shown in A
and B). D–F. 3D reconstructions of the three temporal bones injected with metal microbeads. Most of the beads are in the modiolus (orange
circles), but some are not (seeG). Note that some beads located unintentionally in the IAC inD (arrow), while the beads are located almost en-
tirely within themodiolus and at a safe distance from the IAC in F;G, proportion of cell-sizedmicrobeads contained on-target within themodiolus
relative to the injected volume in the three successive temporal bones injected with metal beads, demonstrating a learning curve and achieve-
ment of nearly complete modiolar containment of the injected volume in the last specimen (right). The proportion calculations were based on
volume segmentation of the 3D rendered μCT images illustrated in D–F. IAC indicates internal auditory canal; sf, stapes footplate; sm, scala
media; st, scala tympany; sv, scala vestibuli.
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the tip of an electrode is visualized in the tympanic scale upon
cochleostomy, conceivably, the electrode could be retracted
slightly before entering and injecting the modiolus and
repositioned thereafter.
Targeted cochleostomies of the first or second turn have

been described for the implantation of single or double CI
electrodes in the ossified cochlea. However, these proce-
dures were typically performed transmastoidally, often in-
volving partial removal of the osscicular chain (22–24). In
contrast, the current approach preserves the ossicular chain.
The cochleostomy was sized to provide adequate space for
identifying, carefully drilling, and injecting material in a
controlled way into themodiolus.With further surgical train-
ing and procedure refinement, the cochleostomy size can
probably be reduced, thereby also minimizing the risk of en-
tering the basal turn unintentionally.
A thin tungsten rod probe was inserted into the cochlear

modiolus to demonstrate and evaluate the precision and var-
iability of the surgical trajectory path on 3D rendered μCT
images. Then, cell-sized glass or metal microbeads were
injected into the modiolus to demonstrate the feasibility of
an intramodiolar injection. To our knowledge, this study is
the first to use beads mimicking cells, allowing not only
evaluation and quantification of the surgical access by a
combination of μCTand histology, but also precise localiza-
tion of the injected beads and quantification of the propor-
tion of the injected volume contained within the cochlear
modiolus. Microbead injections demonstrated retention
rates of 89 to 97% within the modiolus, indicating that a
substantial portion of future injected cells can be targeted
and retained in this structure.

In this study, several important lessons were learned: (i) It
is crucial to ensure that the injection is not too basal to avoid
entering the IAC. This can be achieved by using a trajectory
at a less acute angle to the midmodiolar axis. (ii) One can
minimize backflow and spill-out of injected material by uti-
lizing a micromanipulator and injection pump, which allows
for precise control and stability of the injection process, in-
cluding control of injection speed and volume. The present
experiments demonstrate that volumes of 0.6 μl can be safely
injected using this procedure if injected at a slow speed
(100 μl/min). The micromanipulator in combination with
Otology & Neurotology, Vol. 46, No. 4, 2025
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the injection pump eliminate micromovements that are un-
avoidable when using manual control only. (iii) Damage, in
the form of a perforation into the scala tympani of the basal
turn, was observed in two out of five bones injectedwith beads.
As the focus of the present experiments was on injecting the
modiolus at the end of the first turn, we believe that this risk
can be eliminated with the suggested trajectory combined
with increased awareness and practice.

Future Directions
In future research, several avenues warrant exploration to

further enhance the clinical applicability of the intramodiolar
approach for local delivery of cell and drug therapy. Firstly,
more experiments on temporal bones injected with microbeads
are needed to strengthen the evaluation of precision, as well as
the reproducibility and variability of the approach, including the
distribution and modiolar containment of the beads. Moreover,
potential damage to blood vessels caused by the procedure
needs investigation. Utilizing advanced image-guided surgery
techniques may help in visualizing and minimizing risks, en-
suring the safety of the injection method. Moreover, it is well
known that a cochleostomy can induce the formation of fi-
brous tissue and new bone at the site of intervention (25). This
inflammatory response could potentially impact the survival
and engraftment of transplanted cells and/or the efficacy of
an injected drug. Therefore, it is important to explore how this
response affects transplanted cells and/or drug diffusion, to de-
velop strategies to mitigate any negative impacts. This could
involve using local or systemic anti-inflammatory treatment
or modifying the surgical technique to reduce tissue trauma.
One limitation of the study is that it was conducted on

dead tissue, which may absorb fluids and materials differ-
ently than living tissue. Therefore, the effectiveness and po-
tential complications of the technique need further investi-
gation in vivo. Future studies should include late preclinical
studies in large animals or nonhuman primates, as their co-
chlear anatomy is similar to that of humans.
Finally, assessing the feasibility of this procedure in pa-

tients with an already implanted electrode array remains to
be explored. Such evaluation will help determine if any mod-
ifications are needed to accommodate the presence of the
electrode array, or whether the injection technique is only ap-
plicable in existing CI users with electrode arrays shorter than
an insertion angle of around 340° (Table 2), which is the tar-
get site for the cochleostomy in the end of the first turn.

CONCLUSION

We hereby demonstrate the feasibility of a minimally inva-
sive, transcanal surgical approach for therapeutical injection
into the modiolus of the human cochlea, paving the way for
future local delivery of, e.g., cell therapy or medical drugs.
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