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Abstract
Purpose The osseous spiral lamina (OSL) is an inner cochlear bony structure that projects from the modiolus from base to 
apex, separating the cochlear canal into the scala vestibuli and scala tympani. The porosity of the OSL has recently attracted 
the attention of scientists due to its potential impact on the overall sound transduction. The bony pillars between the ves-
tibular and tympanic plates of the OSL are not always visible in conventional histopathological studies, so imaging of such 
structures is usually lacking or incomplete. With this pilot study, we aimed, for the first time, to anatomically demonstrate 
the OSL in great detail and in 3D.
Methods We measured width, thickness, and porosity of the human OSL by microCT using increasing nominal resolutions 
up to 2.5-µm voxel size. Additionally, 3D models of the individual plates at the basal and middle turns and the apex were 
created from the CT datasets.
Results We found a constant presence of porosity in both tympanic plate and vestibular plate from basal turn to the apex. 
The tympanic plate appears to be more porous than vestibular plate in the basal and middle turns, while it is less porous 
in the apex. Furthermore, the 3D reconstruction allowed the bony pillars that lie between the OSL plates to be observed in 
great detail.
Conclusion By enhancing our comprehension of the OSL, we can advance our comprehension of hearing mechanisms and 
enhance the accuracy and effectiveness of cochlear models.
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Abbreviations
A  Anterior
BP  Bony pillars
CP  Cochlear partition
HO  Habenular openings
OSL  Osseous spiral lamina
P  Posterior
SD  Standard deviation
SG  Spiral ganglion

SL  Spiral ligament
ST  Scala tympani
SV  Scala vestibuli
TP  Tympanic plate
VP  Vestibular plate

Introduction

The osseous spiral lamina (OSL) is a bony structure inside 
the cochlea that projects from the modiolus from base to 
apex, separating the cochlear canal into the scala vestibuli 
and the scala tympani. Despite being described as early as 
1851 [1], misconceptions regarding its anatomy [2–4] and 
mechanical behavior are only now being corrected. The 
advent of technologies such as scanning electron microscopy 
combined with 3D reconstructions has improved the under-
standing and visualization of inner ear anatomy. Addition-
ally, recent findings suggesting a cribriform structure of the 
OSL plates gave rise to the hypothesis that its mobility may 
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influence air and bone conductive hearing [5–7]. As ana-
tomically revealing as scanning electron microscopy is, the 
need for tissue preparation, potential for introduction of arti-
facts, and typical anisotropic resolution (0.5 × 0.5 × 100 µm) 
make this technique suboptimal for cochlear investigation.

To overcome these limitations, non-destructive imaging 
modalities based on computed tomography and magnetic 
resonance are well-established to meet the varying levels of 
resolution required for pre-clinical and clinical applications. 
For instance, clinical computed tomography is available with 
an isotropic resolution of 500 µm or less and magnetic reso-
nance of 300 µm at 7 Tesla. For pre-clinical purposes, these 
same imaging modalities usually provide isotropic resolution 
typically at levels of 10 to 100 µm [8–10]. Laboratory-based 
micro-computed tomography (microCT) is an imaging tech-
nique that is increasingly applied for research in biomedical 
and life sciences. MicroCT was introduced to complement 
histological evaluations, as a non-destructive, three-dimen-
sional imaging technique at a microscopical level. At the 
same time, high-intensity synchrotron radiation has enabled 
better visualization and contrast of the soft structures inside 
the cochlea [11]. Unfortunately, most microCT studies either 
use animal models or are restricted to the oval and round 
windows [11, 12]. Meanwhile, other anatomical structures of 
cochlea remain subdued [13, 14]. Given the bony morphol-
ogy of the OSL microCT is therefore well-suited for gener-
ating images up to single-digit micron resolutions enabling 
detailed 3D reconstructions to be created for the first time.

Although inconsistent with the classical concept of a 
rigid OSL, this structure was described as porous in early 
anatomical studies, but not visually demonstrated [1–4, 15, 
16]. The radial length and porosity can explain the observed 
movement of the OSL in response to sounds in human 
cadaveric temporal bones, as described by Raufer et al. [5]. 
Even though its function remains undetermined, it is known 
that the OSL can have an impact on sound response and the 
motion of the cochlear partition (CP) [6, 17]. The higher 
repercussion relies on bone-conducted sound stimulation. 
The compression and expansion vibrations of the otic cap-
sule create a vibrational response on the basilar membrane 
[18], and no difference between air conduction and bone 
conduction mechanisms was found in experiments using 
cadaveric fresh-frozen human temporal bones [7]. Bone 
conduction sound transmission is considered to be based on 
inertial effects [19, 20]. In this context, the inertial vibration 
of the OSL may have a partial impact on the overall response 
of basilar membrane vibrations to sound, especially at high 
frequencies [7]. All these previous theoretical descriptions 
corroborate the idea of a flexible OSL. However, the current 
models of the cochlea assume that the OSL is rigid. The 
findings presented in this study can be utilized to integrate 
a flexible OSL into future cochlear models. Moreover, to 

the best of our knowledge, there has so far been no detailed 
visualization of its morphological characteristics.

The aim of this pilot study is to present a detailed 3D 
reconstruction of the osseous spiral lamina, which has not 
been previously studied in such depth. By gaining a bet-
ter understanding of the OSL, we can further advance our 
knowledge of the mechanisms of hearing and increase the 
reliability and efficiency of cochlear models.

For this purpose, we measured the width and thickness 
of the human OSL by microCT using increasing nominal 
resolutions (14.0-, 13.0-, 4.5-, 2.5-µm voxel size).

Additionally, a porosity distribution study of the indi-
vidual plates at the basal and middle turns and the apex was 
conducted. Furthermore, the 3D reconstruction allowed 
the bony pillars (BP) that lie between the OSL plates to be 
observed in great detail.

Materials and Methods

Cochlea Removal

With the permission of the local ethics review board (KEK 
Bern, Switzerland, Project-ID 2018–00770), cadaveric sam-
ples of formalin flushed human cochleae were analyzed in 
this study (n = 3). Specimens were chosen randomly from 
the whole cephalus specimens available, and the temporal 
bones were carefully removed (two right side and one left).

Owing to the limitations of the detector size and to avoid 
excessive parasitic absorption by the surrounding bone 
structures, the temporal bone surrounding the cochlea had to 
be removed. The dissection started with middle ear inspec-
tion. An artificial titanium stapes prosthesis was observed 
in cochlea 3 confirming that the patient had a clinical diag-
nosis of otospongiosis. The other two cochleae showed no 
signs of surgical procedures or middle or inner ear diseases. 
The post-auricular incision was made, and the mastoid bone 
was exposed. Later, a mastoidectomy and subsequent laby-
rinthectomy, as described by Gulya et al. [21], were per-
formed. These procedures remove the bone surrounding 
the cochlea, including the semicircular canals and part of 
the vestibule and middle ear structures, leaving the cochlea 
exposed. The stapes were kept in place for anatomical ref-
erence. The VIIth and VIIIth cranial nerves of the internal 
auditory canal were detached from the skull base, and the 
cochlea was removed from its encasement. At this point, the 
cochlea went through a dissection refinement process until it 
was no more than 1.5 cm in diameter (Fig. 1).

Since the effects of otosclerosis on the OSL are as yet 
unknown, cochlea 3 was excluded from this porosity study, 
having its own description on our recent separate publication 
[22]. However, since the length, thickness, and width of the 
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cochlea can be expected to be unchanged, these data were 
included in the study.

MicroCT

MicroCT analysis was carried out using an EasyTom XL 
Ultra 230–160 micro/nanoCT scanner (RX Solutions, 
Chayanod, France). The scanner features a Hamamatsu 
nanofocus, transmission X-ray tube with a 1-µm-thick tung-
sten target on a diamond window. The tube was operated 
with an LaB6 cathode. The scans were performed using a 
Varian PaxScan 2520DX detector (flat panel with amor-
phous silicon and a CsI conversion screen; 1920 × 1536-
pixel matrix; pixel pitch of 127 µm2; 16 bits of dynamic 
range). The tube was operated at 70 kV and a current of 60 
µA. The full cochlea sample was scanned at a voxel size 
of 13 and 14 µm (cochleae 1 and 2, respectively) (Fig. 2). 

As can be seen from Fig. 1, the overall size of the samples 
harvested for microCT analysis is slightly different both 
because of normal variability between samples and because 
of their removal and preparation procedure. Since imaging 
is performed in cone-beam geometry and the obtainable 
voxel size is determined by the physical size and number 
of pixels of the detector and the sample size, to obtain the 
highest nominal resolution possible with respect to the field 
of view, the whole cochlea samples were scanned with a 
variable pixel size between 12 and 14 μm. Additional zoom 
scan was performed in order to not physically cut sample 
but allow a more detailed reconstruction of the internal 
bony structures (such as OSL). Therefore, the entire OSL 
of cochlea 3 was scanned at 4.5-μm nominal resolution 
(Fig. 2), while the basal and middle turns and apex of coch-
leae 1 and 2 were scanned at voxel sizes of 2.3 to 2.5 μm, 
respectively, depending on the available field of view.

Fig. 1  A Cochlea 1; B cochlea 2; C cochlea 3; refinement to 1.5 cm in size for microCT analysis. RW, round window; SCC, semicircular canals; 
IAC, internal auditory canal; EAC, external auditory canal

Fig. 2  A MicroCT of cochlea 1 at 13-µm voxel size resolution. Yellow arrow points to a tear on the OSL. B MicroCT of cochlea 2 at 14-µm 
voxel size resolution. C MicroCT at 4.5-µm voxel size resolution. Yellow arrow shows inner cochlear calcifications and fibrotic tissue formation
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Measuring the OSL Throughout the Cochlea

For the 3D reconstructions of OSL and the individual plates, 
the medical image analysis software Amira (Thermo Fisher 
Scientific, Waltham, MA, USA) was used. Selected global 
thresholds were used to create the 3D images in all datasets. 
To measure the OSL throughout the cochlea, we applied an 
interactive threshold to binarize the OSL bone that shows a 
different gray level compared to soft tissue in the microCT 
sections (Fig. 3). The threshold was determined through 
a collaborative effort between an imaging expert and a 
radiologist with extensive experience in cochlear imaging. 
Since the technique used to scan the middle turn and the 
apex of cochlea 1 was not specific to visualize the OSL, 
some artifacts were found on the raw image that were visu-
ally interfering on the final mesh creation. Because these 
artifacts could potentially interfere on the porosity measure-
ment, they were removed using image software Meshmixer 
(Autodesk Inc., San Francisco, CA, USA). In addition, the 
middle turn and the apex were manually separated using the 
editing tool. The exact location for the cut was estimated 
using the raw image loaded at the same time as the seg-
mented OSL. The segmented OSL voxels were added to a 
label, which was subsequently used as a mask to isolate the 
labeled anatomy in the original.tiff images, creating the 3D 
mesh and STL file. Additional segmentations of the OSL 
plates (tympanic and vestibular) were performed using the 
same criterion as above on higher resolution datasets to 
allow evaluation of porosity.

The segmented images were then further analyzed in 
Mimics (Materialise NV, Leuven, Belgium). On the mesh 
object, the spiral ganglion (SG) and the inner and outer walls 
of the OSL were contoured using the spline function. The 
middle axis was set by considering the helicotrema as the 
center point of the cochlea and using it as a reference axis. 
Following contouring, the measurements were conducted on 
reconstructed splines in a custom script (Python 3.9.0). The 
OSL width was calculated from apex to base as the distance 
between the inner (modiolus) and the outer wall (between 
the lateral end of the OSL) along the reference axis. Within 
each partition, the mean width and the standard deviation 
(SD) were also calculated.

Porosity Measurement

Numeric calculations for porosity measurements were done 
in Blender (open source 3D computer graphics software ver-
sion 3.1.2). Each plate (tympanic, vestibular) in the selected 
regions of interest of the cochlea (basal turn, middle turn and 
apex) was imported into workspace as an STL file, remeshed 
and decimated (using remesh and decimate modifiers) prior 
to measurement in order to reduce the computation cost and 
ensure manifold structures. In order to calculate the filled 
volume of the plate mesh needed for porosity calculation, the 
original mesh was shrink-wrapped using an encircling object 
that follows its shape. Lastly, the volumes of the original 
and filled meshes were estimated using the 3D print plug-in 
(volume statistics), and the porosity was calculated with the 
equation:

where Vo denotes the original (porous) volume and Vf its 
filled (nonporous) counterpart.

Thickness and Width Measurement

Thickness of the OSL is defined as the transverse height 
between the VP and TP [6]. To study the OSL thickness, 
microCT cross-section images (14-, 13-, and 4.5-µm voxel 
size) were used and three points of the OSL were chosen 
for measurements. These points correspond to the lateral 
end (where the CP is inserted), the middle of the OSL, and 
the medial portion of the OSL (close to the SG). When 
calculating the width of the OSL, care was taken not to 
include portions of the SG in the measurements. The seg-
mented cochlea was used, and four anatomical dissection 
planes, having the helicotrema as the planes’ converging 
point, were placed at  450 to each other to facilitate angular 
identification and measurement. Assessment was done from 
the medial portion up to the end of the HO, throughout all 

p =
Vf − Vo

Vf

∙ 100%

Fig. 3  MicroCT cross section of the cochlea basal turn demonstrat-
ing the OSL and the difference of densities between soft tissue and 
bone. Yellow arrow points to one pillar that could be seen on the 
image inset, connecting both OSL plates. SV, scala vestibuli; ST, 
scala tympani
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the cochlea spirals. The mean and standard deviation (SD) 
of the three specimens were calculated for both thickness 
and width.

Results

OSL Anatomy

The OSL is a bony structure suspended inside the cochlea 
like a “cable-stayed” bridge. Medially, it is connected to 
the modiolus with rigid bony “cables”. Laterally is con-
nected to the collagen fibers that run along the bridge and 
basilar membrane, then to the spiral ligament as shown in 
Raufer et al. [5] with polarized microscopy to visualize 
collagen fibers. It contains nerve fibers running from the 

organ of Corti to the SG, seen on the microCT (at 13- and 
4.5-µm voxel size resolution) and image as soft density 
material inside the OSL (Fig. 3).

Analyzing the OSL plates, it appears that the structure 
behaves as a lace cover for the nerve fibers. Where the 
tympanic plate (TP) joins the vestibular plate (VP), it 
forms the habenular openings (HO) (Fig. 4). The HO are 
arranged in intervals and are the entry point for the soft 
tissue fibers that form the bridge region to the OSL. These 
fibers will gather on the spiral ganglion and will later form 
the cochlear nerve. When the bones of the plates are not 
completely connected by bony pillars, a claw-like structure 
(such as incomplete bony pillars) is observed, as shown in 
Fig. 4 in the circles and outlined in dark blue on the middle 
turn. The HO are evenly distributed throughout the OSL, 
including the apex (Fig. 4).

Fig. 4  Mesh reconstruction of 
the habenular openings (blue 
squares) seen at the edge of 
the OSL opposite to modiolus 
andtangential to the habenula 
perforata in A the basal turn, B 
the mid-turn; and C the apex 
using 2.4-μm voxel size zoom 
CT scans. The circles show 
the “claw” aspect (outlined in 
dark blue on the middle turn) of 
the unclosed HO. D shows the 
orientation and positioning of 
the OSL in the raw CT image. 
SV, scala vestibuli; ST, scala 
tympani
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Using the 4.5-µm nominal resolution, the modiolus was 
analyzed and reconstructed in 3D (Fig. 5). By suppress-
ing the soft tissue density material during the mesh recon-
struction, it was possible to emphasize the bony structures. 
Detailed results regarding this cochlea are available here 
[22]. The medial wall (modiolus) of the tympanic pillar pre-
sents as columns of thin bone with a cribriform appearance. 
All three specimens showed the same characteristics.

Beyond the Habenular Openings and the Bony 
Pillars 

Visualizing the HO was possible using 2.3- to 2.5-µm recon-
structed 3D mesh images. The sparse distribution of the pil-
lars on the inside of the OSL and throughout its length was 
clearly evident. Inside the OSL, between the vestibular and 
tympanic plates, are BP that are randomly distributed in both 
longitudinal and radial directions (Fig. 6). The BP are present 
in larger numbers closer to the SG, and they appear to con-
nect the VP to the TP on the inside, granting the OSL a cave-
like aspect. Some pillars do not merge together and resemble 
stalactites and stalagmites emerging from the VP and TP, 
respectively. The middle of the OSL, where the plates are 
more porous, appears to have few BP, whereas the closer it is 

to the SG, the more BP there are. Near the SG, the thickness 
of the pillars appears to increase as well as their numbers. 
From the inside, it is possible to observe the pores of the 
plates and the back of the HO (Posterior) (Fig. 7). Combining 
the global view of the OSL plates with the local reconstruc-
tion of its interior at higher resolution, one can describe the 
OSL as a lace-like cover for the nerve fibers and hypothesize 
that the BP may have a support function for the OSL.

OSL Morphology

The plates of the OSL were individually segmented at the 
level of the basal turn, middle turn, and apex for cochlea 1 
and only the basal turn for cochlea 2. Both the TP and VP 
appeared to be of trabecular bone, giving the OSL a porous 
surface. The columns and channels formed by the merging 
of the TP and VP on the modiolus wall seem to be channel 
openings for the cochlear nerve fibers. The individual seg-
mentation of TP and VP of cochleae 1 and 2 showed that 
the pores are distributed over the bone surfaces on both 
TP and VP. The TP (69% and 53% of porosity for cochlea 
1 and cochlea 2, respectively) is more porous than the VP 
(61% and 51% of porosity) on the basal turn, and on the 
middle turn (TP, 61%; VP, 50% of porosity). On the other 

Fig. 5  A 4.5-µm voxel size microCT of cochlea 3. Red square rep-
resents the area of the zoom scan. B At 2.3-µm voxel size, the OSL 
is visualized, and its plates are individually identified, as well as 
the insertion point of the bridge and the cochlear partition region, 

described by Raufer et  al. [5, 6]. C Mesh reconstruction of B raw 
image emphasizing the supportive trabecular bone of the modiolus 
wall and the individual OSL plates. SL, spiral ligament
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hand, the apex presented inverse values with TP, 56%, and 
VP, 61%, of porosity (Fig. 8). These values are at least 30 
percentage points higher than those previously reported 
in the literature [6]. Figure 9 shows the distribution of the 
pores throughout both VP and TP throughout the basal 

turn, middle turn, and the apex. Pores are predominant in 
the middle portion on the basal turn, while the middle turn 
and the apex presented a more even distribution.

The results of the thickness and width of OSL were 
calculated and compared to previous data obtained by 

Fig. 6  A A coronal cut on the full inner ear segmentation at 13-µm 
voxel size was made, and the OSL and the inner ear nerves were 
exposed. B The VIII cranial nerve (CN VIII) can be seen as light pink 
color. Curved arrow shows the longitudinal direction of the OSL, and 

straight arrow shows the radial direction of the OSL. C Using the 2.3-
µm voxel size, resolution, and radial direction from (B), it was possi-
ble to demonstrate the bony pillars of the OSL and the OSL vestibular 
and tympanic plates. OSL, osseous spiral lamina

Fig. 7  Mesh reconstruction of the inside of the human OSL using 2.3-
µm resolution. Anterior view, tangential to the habenula perforata, of 
the OSL demonstrating the HO (blue squares). Entering through the 

HO (small white circle), inside the OSL, the vestibular and tympanic 
plates of the OSL are seen. The bony pillars (red arrows) are demon-
strated in detail on the zoomed red circle
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Raufer et al. [6] (Fig. 10). Whereas the thickness of the 
OSL is constant at around 0.1 mm, with a minimum about 
20% lower around halfway into the cochlea (i.e., at 360 

degrees), the width of the OSL decreases from approxi-
mately 1.8 mm at the base to 0.2 mm at the apex (i.e., at 
720 degrees).

Fig. 8  Individual segmentation of the basal turn of the osseous spi-
ral lamina. A and D Cochlea 1 basal turn porosity results for the 
vestibular plate (green) and tympanic plate (purple), respectively. B 
and E Cochlea 2 basal turn porosity results for the vestibular plate 

(green) and tympanic plate (purple), respectively. C and F Cochlea 1 
mid-turn and apex porosity results for the vestibular plate (green) and 
tympanic plate (purple)

Fig. 9  Porosity distribution at the basal turn, mid-turn and apex of the 
osseous spiral lamina. Vestibular plates are colored green (A to D), 
and tympanic plates are purple (E to H). A and E Basal turn cochlea 

1; B and F basal turn cochlea 2; C and G mid-turn cochlea 1; D and 
H apex cochlea 1
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Discussion

The cochlea is a small, spiral bone structure in the inner 
ear that plays a critical role in hearing. It contains three 
types of bones: (1) the petrous portion of the temporal 
bone, which is the trabecular bone that houses the coch-
lea; (2) the modiolus, which is the central conical axis of 
trabecular bone; and (3) the osseous spiral lamina (OSL), 
which is a thin layer of bone composed of two plates of 
compact bone that protrudes from the modiolus and sepa-
rates part of the two fluid-filled canals that run through the 
cochlea, the scala vestibuli, and the scala tympani, which, 
like the canals, makes two and three-quarter turns around 
the modiolus [23, 24].

The bony structures of the inner ear were superficially 
described in early anatomical studies, but imaging dem-
onstration has only been possible more recently [1, 2, 16]. 
Anatomical descriptions of the bony inner ear are usually 
restricted to the modiolus [16, 25] and use histopathological 
techniques. Although histopathology remains the gold stand-
ard for cytological evaluation, the specimen preparation pro-
cess involves the physical destruction of the specimen and 

creates typical anisotropic resolution (0.5 × 0.5 × 100 µm) if 
translated into 3D [26–28].

Surrounded by the dense cochlear bone, under around 
2.5-µm resolution microCT, a trabecular looking modio-
lus stands in the middle of the cochlea, projecting itself to 
form the two bony plates that determine the shape of the 
OSL. Although the OSL consists of two plates of compact 
bone, the porous nature of these plates and the presence of 
numerous bony pillars make it more similar as a whole to 
a trabecular bone. In fact, trabecular bone is by definition a 
hierarchical, spongy, and porous lattice structure that pro-
vides the framework for the soft, highly cellular bone mar-
row filling the intertrabecular spaces. At a microstructural 
scale, trabecular bone architecture is organized to optimize 
load transfer [29]. Similarly, the OSL system as a whole can 
be thought of as trabecular bone, with two individual plates 
connected by bony pillars on the inside and the habenular 
openings at its end. The OSL plates have a lace-like appear-
ance enfolding the fibers that will later form the cochlear 
nerve. The radial middle portion of the basal turn of the OSL 
(both plates) has a more porous appearance than its edges, 
similarly to Raufer’s description [6]. This surface reduction 

Fig. 10  Mean and standard 
deviation of osseous spiral lam-
ina (OSL) thickness and radial 
width. The expected decrease 
of the OSL width is shown as 
well as the constant thickness 
values throughout the spirals. 
Raufer’s [6] data was included 
to complement the analysis
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is congruent with the sparse distribution of the bony pil-
lars in the middle of the OSL. Although habenular open-
ings were described by Küçük et al. [15] as tunnels, internal 
inspection of the structure indicates that the openings do 
not behave like tunnels. On the contrary, they convey the 
impression of a cave and appear to have a structural support 
function, joining the plates together on the lateral end, at 
the insertion point of the bridge and limbus regions. The 
bony pillars could have a similar support function, keeping 
the plates together while providing stability that can have a 
potentially significant influence on the spread of excitation 
during its vibration. However, more investigation on this 
possibility is needed.

The lace-like appearance of the OSL plates turns out to be 
a common characteristic, and it was observed in the meas-
ured specimens. Porosity analysis demonstrated a consid-
erable higher percentage of pores on both vestibular plate 
VP and tympanic plate TP on the basal turn if compared 
to previous study [6]. Unlike the work of Raufer et al. [6], 
which was limited to considering different portions of the 
basal turn and suprabasal turn (between 1 and 12 mm of 
longitudinal distance from the base), in this study, we also 
calculated porosity relative to the middle turn and the apex. 
In these cases, we found a constant presence of porosity in 
both TP (mid, 61%; apex, 56%) and VP (mid, 50%; apex, 
61%). Moreover, while the TP appears to be more porous 
than VP in the basal and middle turns, although this differ-
ence is less pronounced than in previous descriptions [6], in 
the apex, we find more porosity in VP than in TP (61% vs. 
56%). With regard to our study results, we believe that the 
volumetric reconstructions used in our measurements pro-
vide a more realistic depiction of the OSL anatomy. Since 
3D investigation provides more information than conven-
tional 2D studies, this technique seems to be more suitable 
for demonstrating the porosity of the structure. The differ-
ence in methodology can also be responsible of the main 
differences found in the analysis of OSL width compared to 
previous studies as described in Fig. 10. The major discrep-
ancy was found at the basal turn where, besides the use of 
different methodologies, both studies lack in samples group 
size (our pilot study n = 2; previous study n = 1). Further 
investigation will have to be carried out to provide reliable 
statistics especially on distances closer to the base. The com-
bination of a highly porous trabecular bone and the fluid 
filled cochlea creates a new approach for hearing mechani-
cal studies. Evidently, future kinetic cochlea studies must 
consider the OSL and the cochlear partition as one mobile 
structure, the differences in porosity from base to apex, and 
the effects of the fluid dynamics in their vibration analysis 
calculations. This modeling work can help support recent 
theories regarding the influence of different material proper-
ties on the motion of the cochlear partition and contribute 
to the understanding of low-frequency and bone conductive 

hearing [30]. As a result, it will be useful in the development 
of clinical interventions for the preservation of hearing.

Another possible clinical consequence of the OSL’s 
porosity is that it can potentially play a role in manufacture 
of new implant technology, direct inner ear drug delivery, 
and stem cell delivery. Secondary to hair cell loss, spiral 
ganglion’s neuron degeneration is one of the major causes of 
sensorineural hearing loss. The use of perilymph as carrier 
for inner ear drug delivery is common, but it is inefficient 
due to the difficulty in reaching stable therapeutic concentra-
tions throughout the cochlea [31–37]. The spiral ganglion’s 
neurons are located in Rosenthal’s canal which runs along 
the OSL, and there is increasing evidence of their perme-
ability to small molecules and neurotrophic genes [38–42]. 
The difficulty of drugs in crossing the blood–labyrinth bar-
rier has been reported [33, 43, 44]. In the future, drug-eluted 
cochlear implants could potentially take advantage of the 
OSL’s porosity to enable drug distribution directly to the 
spiral ganglion [45].

Geometrical reconstruction of the OSL revealed a can-
tilever structure that should be considered in future math-
ematical models for studying hearing mechanics. Although 
it should be noted that the voxel size used in this pilot study 
may be considered relatively large to obtain accurate meas-
urements, especially in the OSL thickness range, the thick-
ness and width we measured are consistent with previous 
studies [6, 7]. However, in contrast to earlier findings [6], 
our porosity measurements demonstrated the presence of 
pores in both VP and TP (up to 69%), as well as random 
bony pillars distribution throughout the cochlea in both 
radial and longitudinal directions. Additionally, it was 
possible to observe the habenular openings through a new 
perspective; rather than the previously described “tunnel”, 
our study showed a “cave”. Furthermore, the connection 
between the cochlear partition and the OSL that we have 
demonstrated in 3D should encourage others to consider 
that they possess a “one flexible structure” morphology. In 
this article, we present three of four factors (i.e., geometry) 
to be considered in future studies of hearing mechanics: the 
width, thickness, and stiffness (porosity) of the OSL. The 
inter-plate bony pillars (including its thickness and related 
stiffness) should also be considered as a factor and added to 
the mathematical models. Gathering information on these 
variables by applying 3D methodology described here to 
a larger sample size will provide a better understanding of 
hearing mechanics.

Conclusion

A combination of surgical dissection techniques with 
microCT allowed, for the first time, an isotropic volumet-
ric study of the human OSL. Our study demonstrated the 
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porosity of both plates (VP and TP) and the presence of 
bony pillars in the middle of the OSL. It also enabled a 
flight through the habenular openings and throughout the 
whole cochlea. The microCT technique emerges as a valu-
able imaging option in hearing research, providing a detailed 
anatomical 3D-reconstruction of the ear. Furthermore, vis-
ualizing the anatomical details of an intact cochlea at the 
micrometer level, with high resolution, and in 3D provides 
valuable new information for application to future anatomi-
cal, physiological, and mathematical studies.

Funding Open Access funding provided by Lib4RI – Library for the 
Research Institutes within the ETH Domain: Eawag, Empa, PSI & 
WSL.

Declarations 

Competing Interests The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Corti A (1851) Recherches sur l’organe de L’ouie des Mamiferes. 
Akademische Verlagsgesellschaft, Z. Wiss Zool

 2. Neubert K (1950) Die Basilarmembran Des Menschen Und Ihr 
Verankerungssystem. Z Anat Entwicklungsgesch 114:540–590

 3. Lim D (1970) Surface ultrastructure of the cochlear perilymphatic 
space. J Laryngol Otol 84(4):413–428. https:// doi. org/ 10. 1017/ 
s0022 21510 00720 29

 4. Shepherd RK, Colreavy MP (2004) Surface microstructure of 
the perilymphatic space: implications for cochlear implants and 
cell- or drug-based therapies. Arch Otolaryngol Head Neck Surg 
130(5):518–523. https:// doi. org/ 10. 1001/ archo tol. 130.5. 518

 5. Raufer S, Guinan JJ Jr, Nakajima HH (2019) Cochlear parti-
tion anatomy and motion in humans differ from the classic view 
of mammals. Proc Natl Acad Sci USA 116(28):13977–13982. 
https:// doi. org/ 10. 1073/ pnas. 19007 87116

 6. Raufer S, Idoff C, Zosuls A, Marino G, Blanke N, Bigio IJ, 
O’Malley JT, Burgess BJ, Nadol JB, Guinan JJ Jr, Nakajima HH 
(2020) Anatomy of the human osseous spiral lamina and coch-
lear partition bridge: relevance for cochlear partition motion. J 
Assoc Res Otolaryngol 21(2):171–182. https:// doi. org/ 10. 1007/ 
s10162- 020- 00748-1

 7. Stenfelt S, Puria S, Hato N, Goode RL (2003) Basilar membrane 
and osseous spiral lamina motion in human cadavers with air and 
bone conduction stimuli. Hear Res 181(1–2):131–143. https:// doi. 
org/ 10. 1016/ s0378- 5955(03) 00183-7

 8. Cunha L, Horvath I, Ferreira S, Lemos J, Costa P, Vieira D, 
Veres DS, Szigeti K, Summavielle T, Mathe D, Metello LF 

(2014) Preclinical imaging: an essential ally in modern bio-
sciences. Mol Diagn Ther 18(2):153–173. https:// doi. org/ 10. 1007/ 
s40291- 013- 0062-3

 9. Woods A, Ellis R (eds.) (1994) Laboratory histopathology: a com-
plete reference. New York: Churchill Livingstone. Vol. 7:2-10

 10. Iyer JS, Zhu N, Gasilov S, Ladak HM, Agrawal SK, Stankovic KM 
(2018) Visualizing the 3D cytoarchitecture of the human cochlea 
in an intact temporal bone using synchrotron radiation phase con-
trast imaging. Biomed Opt Express 9(8):3757–3767. https:// doi. 
org/ 10. 1364/ BOE.9. 003757

 11. Bom Braga GO, Schneider D, Weber S, Caversaccio M (2021) 
Computer assistance, image guidance and robotics in otologic 
surgery. In Bento RF, Lima Júnior LRP,Tsuji RK, Goffi-Gomez 
MVS, Lima DdVSP, Brito Rd (eds.) Tratado de Implante Coclear 
e Próteses Auditivas Implantáveis. Thieme Revinter: Rio de 
Janeiro, Brazil

 12. Bellos C, Rigas G, Spiridon IF, Bibas A, Iliopoulou D, Böhnke 
F, Koutsouris D, Fotiadis DI (2014) Reconstruction of cochlea 
based on micro-CT and histological images of the human inner 
ear. BioMed Res Int 2014:485783. https:// doi. org/ 10. 1155/ 
2014/ 485783

 13. Rau TS, Rau TS, Würfel W, Lenarz T, Majdani O et al (2013) 
Three-dimensional histological specimen preparation for accu-
rate imaging and spatial reconstruction of the middle and inner 
ear. Int J Comput Assisted Radiol Surg 8(4):481–509. https:// 
doi. org/ 10. 1007/ s11548- 013- 0825-7

 14. Walton LA, Bradley RS, Withers PJ, Newton VL, Watson REB, 
Austin C, Sherratt MJ (2015) Morphological characterisation 
of unstained and intact tissue micro-architecture by X-ray com-
puted micro- and nano-tomography. Sci Rep 5. https:// doi. org/ 
10. 1038/ srep1 0074

 15. Küçük B, Abe K, Ushiki T, Inuyama Y, Fukuda S, Ishikavva K 
(1991) Microstructures of the bony modiolus in the human coch-
lea: a scanning electron microscopic study. Microsc 40(3):193–
197. https:// doi. org/ 10. 1093/ oxfor djour nals. jmicro. a0508 95

 16. Fleischer G (1973) Studien Am Skelett Des Gehoerhörgans Der 
Säugetriere Einschließlich Des Menschen. Säugetrierkundliche 
Mitteilungen 2(3):131–239

 17. Homer M, Champneys A, Hunt G, Cooper N (2004) Mathematical 
modeling of the radial profile of basilar membrane vibrations in 
the inner ear. J Acoust Soc Am 116(2):1025–1034. https:// doi. org/ 
10. 1121/1. 17715 71

 18. Tonndorf J (1966). Bone conduction. Studies in experimental ani-
mals. Acta Otolaryngol:Suppl 213:1+

 19. Stenfelt S (2015) Inner ear contribution to bone conduction hear-
ing in the human. Hear Res 329:41–51. https:// doi. org/ 10. 1016/j. 
heares. 2014. 12. 003

 20. Stenfelt S (2020) Investigation of mechanisms in bone conduc-
tion hyperacusis with third window pathologies based on model 
predictions. Front Neurol 11:966. https:// doi. org/ 10. 3389/ fneur. 
2020. 00966

 21. Gulya AJ, Minor LB, Poe DS (2010) Glasscock-Shambaugh sur-
gery of the ear. 6 edn., pp 643–79

 22. O'Toole Bom Braga G, Zboray R, Parrilli A, Bulatovic M, Cav-
ersaccio MD, Wagner F (2022) Otosclerosis under microCT: new 
insights into the disease and its anatomy. Front Radiol 2. https:// 
doi. org/ 10. 3389/ fradi. 2022. 965474

 23. Navarro M, Ruberte J, Carretero A (2017) 15 - Vestibulocochlear 
organ. In Ruberte J, Carretero A, Navarro M (eds.) Morphological 
Mouse Phenotyping: Anatomy, Histology and Imaging, pp. 521-
539. https:// doi. org/ 10. 1016/ B978-0- 12- 812972- 2. 50015-5

 24. Forge A, Wright T (2002) The molecular architecture of the inner 
ear. Br Med Bull 63:5–24. https:// doi. org/ 10. 1093/ bmb/ 63.1.5

 25. Küçük B, Abe K, Ushiki T, Inuyama Y, Fukuda S, Ishikawa 
K (1991) Microstructures of the bony modiolus in the human 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/s0022215100072029
https://doi.org/10.1017/s0022215100072029
https://doi.org/10.1001/archotol.130.5.518
https://doi.org/10.1073/pnas.1900787116
https://doi.org/10.1007/s10162-020-00748-1
https://doi.org/10.1007/s10162-020-00748-1
https://doi.org/10.1016/s0378-5955(03)00183-7
https://doi.org/10.1016/s0378-5955(03)00183-7
https://doi.org/10.1007/s40291-013-0062-3
https://doi.org/10.1007/s40291-013-0062-3
https://doi.org/10.1364/BOE.9.003757
https://doi.org/10.1364/BOE.9.003757
https://doi.org/10.1155/2014/485783
https://doi.org/10.1155/2014/485783
https://doi.org/10.1007/s11548-013-0825-7
https://doi.org/10.1007/s11548-013-0825-7
https://doi.org/10.1038/srep10074
https://doi.org/10.1038/srep10074
https://doi.org/10.1093/oxfordjournals.jmicro.a050895
https://doi.org/10.1121/1.1771571
https://doi.org/10.1121/1.1771571
https://doi.org/10.1016/j.heares.2014.12.003
https://doi.org/10.1016/j.heares.2014.12.003
https://doi.org/10.3389/fneur.2020.00966
https://doi.org/10.3389/fneur.2020.00966
https://doi.org/10.3389/fradi.2022.965474
https://doi.org/10.3389/fradi.2022.965474
https://doi.org/10.1016/B978-0-12-812972-2.50015-5
https://doi.org/10.1093/bmb/63.1.5


 G. O. Bom Braga et al.

1 3

cochlea : a scanning electron microscopic study. J Electron 
Microsc 40(40):193–197

 26. Matenaers C, Popper B, Rieger A, Wanke R, Blutke A (2018). 
Practicable methods for histological section thickness meas-
urement in quantitative stereological analyses. PLoS One 
13(2):e0192879. https:// doi. org/ 10. 1371/ journ al. pone. 01928 79

 27. Brunschwig AS, Salt AN (1997) Fixation-induced shrinkage of 
Reissner’s membrane and its potential influence on the assessment 
of endolymph volume. Hear Res 114(1–2):62–68. https:// doi. org/ 
10. 1016/ s0378- 5955(97) 00153-6

 28. Kampschulte M, Langheinirch AC, Sender J, Litzlbauer HD, 
Althohn U, Schwab JD, Alejandre-Lafont E, Martels G, Krombach 
GA (2016) Nano-computed tomography: technique and applica-
tions. Rofo 188(2):146–154. https:// doi. org/ 10. 1055/s- 0041- 106541

 29. Bayraktar HH, Morgan EF, Niebur GL, Morris GE, Wong EK, 
Keaveny TM (2004) Comparison of the elastic and yield prop-
erties of human femoral trabecular and cortical bone tissue. J 
Biomech 37(1):27–35. https:// doi. org/ 10. 1016/ S0021- 9290(03) 
00257-4

 30. Sellon JB, Ghaffari R, Farrahi S, Richardson GP, Freeman DM 
(2014) Porosity controls spread of excitation in tectorial mem-
brane traveling waves. Biophys J 106(6):1406–1413. https:// doi. 
org/ 10. 1016/j. bpj. 2014. 02. 012

 31. Hahn H, Salt AN, Biegner T, Kammerer B, Delabar U, Hartsock 
JJ, Plontke SK (2012) Dexamethasone levels and base-to-apex 
concentration gradients in the scala tympani perilymph after intra-
cochlear delivery in the guinea pig. Otol Neurotol 33(4):660–665. 
https:// doi. org/ 10. 1097/ MAO. 0b013 e3182 54501b

 32. Hahn H, Salt AN, Schumacher U, Plontke SK (2013) Gentamicin 
concentration gradients in scala tympani perilymph following sys-
temic applications. Audiol Neurootol 18(6):383–391. https:// doi. 
org/ 10. 1159/ 00035 5283

 33. Plontke SK, Biegner T, Kammerer B, Delabar U, Salt AN (2008) 
Dexamethasone concentration gradients along scala tympani 
after application to the round window membrane. Otol Neurotol 
29(3):401–406. https:// doi. org/ 10. 1097/ MAO. 0b013 e3181 61aaae

 34. Plontke SK, Wood AW, Salt AN (2002) Analysis of gentamicin 
kinetics in fluids of the inner ear with round window administra-
tion. Otol Neurotol 23(6):967–974. https:// doi. org/ 10. 1097/ 00129 
492- 20021 1000- 00026

 35. Salt AN, Hartsock JJ, Gill RM, Piu F, Plontke SK (2012) Peri-
lymph pharmacokinetics of markers and dexamethasone applied 
and sampled at the lateral semi-circular canal. J Assoc Res Otolar-
yngol 13(6):771–783. https:// doi. org/ 10. 1007/ s10162- 012- 0347-y

 36. Salt AN, Hale SA, Plonkte SK (2006) Perilymph sampling from 
the cochlear apex: a reliable method to obtain higher purity 

perilymph samples from scala tympani. J Neurosci Methods 
153(1):121–129. https:// doi. org/ 10. 1016/j. jneum eth. 2005. 10. 008

 37. Salt AN, Hirose K (2018) Communication pathways to and from 
the inner ear and their contributions to drug delivery. Hear Res 
362:25–37. https:// doi. org/ 10. 1016/j. heares. 2017. 12. 010

 38. Li D, Sun J, Zhao L, Guo W, Sun W, Yang S (2017) Aminogly-
coside increases permeability of osseous spiral laminae of coch-
lea by interrupting MMP-2 and MMP-9 balance. Neurotox Res 
31(3):348–357. https:// doi. org/ 10. 1007/ s12640- 016- 9689-2

 39. Atkinson PJ, Wise AK, Flynn BO, Nayagam BA, Hume CR, 
O'Leary SJ, Shepherd RK, Richardson RT (2012). Neurotrophin 
gene therapy for sustained neural preservation after deafness. 
PLoS One 7(12):e52338. https:// doi. org/ 10. 1371/ journ al. pone. 
00523 38

 40. Tan J, Wang Y, Yip X, Glynn F, Shepherd RK, Caruso F (2012) 
Nanoporous peptide particles for encapsulating and releasing 
neurotrophic factors in an animal model of neurodegeneration. 
Adv Mater 24(25):3362–3366. https:// doi. org/ 10. 1002/ adma. 
20120 0634

 41. van Loon MC, Ramekers D, Agterberg MJ, de Groot JC, Grolman 
W, Klis SF, Versnel H (2013) Spiral ganglion cell morphology in 
guinea pigs after deafening and neurotrophic treatment. Hear Res 
298:17–26. https:// doi. org/ 10. 1016/j. heares. 2013. 01. 013

 42. Zhang YZW, Johnston AH, Newman TA, Pyykk I, Zou J (2011) 
Comparison of the distribution pattern of PEG-b-PCL polymer-
somes delivered into the rat inner ear via different methods. Acta 
Otolaryngol 131:1249–1256. https:// doi. org/ 10. 3109/ 00016 489. 
2011. 615066

 43. Plontke SK, Mynatt R, Gill RM, Borgmann S, Salt AN (2007) 
Concentration gradient along the scala tympani after local appli-
cation of gentamicin to the round window membrane. Laryngo-
scope 117(7):1191–1198. https:// doi. org/ 10. 1097/ MLG. 0b013 
e3180 58a06b

 44. Ciuman RR (2009) Communication routes between intracranial 
spaces and inner ear: function, pathophysiologic importance and 
relations with inner ear diseases. Am J Otolaryngol 30(3):193–
202. https:// doi. org/ 10. 1016/j. amjoto. 2008. 04. 005

 45. Bielefeld EC, Kobel MJ (2019) Advances and challenges in phar-
maceutical therapies to prevent and repair cochlear injuries from 
noise. Front Cell Neurosci 13:285. https:// doi. org/ 10. 3389/ fncel. 
2019. 00285

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0192879
https://doi.org/10.1016/s0378-5955(97)00153-6
https://doi.org/10.1016/s0378-5955(97)00153-6
https://doi.org/10.1055/s-0041-106541
https://doi.org/10.1016/S0021-9290(03)00257-4
https://doi.org/10.1016/S0021-9290(03)00257-4
https://doi.org/10.1016/j.bpj.2014.02.012
https://doi.org/10.1016/j.bpj.2014.02.012
https://doi.org/10.1097/MAO.0b013e318254501b
https://doi.org/10.1159/000355283
https://doi.org/10.1159/000355283
https://doi.org/10.1097/MAO.0b013e318161aaae
https://doi.org/10.1097/00129492-200211000-00026
https://doi.org/10.1097/00129492-200211000-00026
https://doi.org/10.1007/s10162-012-0347-y
https://doi.org/10.1016/j.jneumeth.2005.10.008
https://doi.org/10.1016/j.heares.2017.12.010
https://doi.org/10.1007/s12640-016-9689-2
https://doi.org/10.1371/journal.pone.0052338
https://doi.org/10.1371/journal.pone.0052338
https://doi.org/10.1002/adma.201200634
https://doi.org/10.1002/adma.201200634
https://doi.org/10.1016/j.heares.2013.01.013
https://doi.org/10.3109/00016489.2011.615066
https://doi.org/10.3109/00016489.2011.615066
https://doi.org/10.1097/MLG.0b013e318058a06b
https://doi.org/10.1097/MLG.0b013e318058a06b
https://doi.org/10.1016/j.amjoto.2008.04.005
https://doi.org/10.3389/fncel.2019.00285
https://doi.org/10.3389/fncel.2019.00285

	Quantitative Evaluation of the 3D Anatomy of the Human Osseous Spiral Lamina Using MicroCT
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and Methods
	Cochlea Removal
	MicroCT
	Measuring the OSL Throughout the Cochlea
	Porosity Measurement
	Thickness and Width Measurement

	Results
	OSL Anatomy
	Beyond the Habenular Openings and the Bony Pillars 
	OSL Morphology

	Discussion
	Conclusion
	References


