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Background: There still exists controversy about whether the healthy human
middle ear mucosa is sterile or if it may harbor a diverse microbiome.
Considering the delicacy of the human round window membrane (RWM),
different mechanisms may exist for avoiding inner ear pathogen invasion
causing sensorineural deafness. We re-analyzed archival human RWMs using
light and transmission electron microscopy after decalcification to determine if
bacteria are present in clinically normal human middle ears. We also searched
for the presence of inborn immune defensive mechanisms within the round
window niche (RWN), as previously reported in non-human primate ears.

Materials and methods: Five round window niches, removed and directly
fixed at transcochlear petroclival meningioma surgery, were re-investigated
after ethical permission using light and transmission electron microscopy. The
morphology of the RWM, including its bony attachment and pseudomembrane
outline, was analyzed. Moreover, 64 human temporal bones were investigated
using synchrotron phase-contrast imaging (SR-PCI) aiming to identify potentially
"hidden” spaces, including the RWN potentially harboring infectious material.

Results: Histologic evidence of free-living bacteria and biofilm was found in 40% of
RWNSs in seemingly “healthy” middle ears. The RWM in these ears was pathologically
changed with repealed epithelial and intercellular junctional integrity. Putative
membranous defense machinery consisted of a lymphatic drainage system together
with free phagocytic cells seemingly serving to protect the inner ear from alleged
pathogens. Synchrotron analyses showed that a pseudomembrane was present in
the human round window niche (RWN) in 80% of the specimens, of which 20%
were complete. In 3%, the RWN contained dense tissue or serous fluid plugs partly
obstructing the RWN. Infralabyrinthic clefts and tympanomeningeal fissures (Hyrtl's
fissure) were occasionally enclosed by delicate membranes near the round window.
These may represent predilection sites for “hidden” infections potentially endangering
inner ear function, particularly in connection with round window surgery.
Conclusion: Considering the fragility of the normal human RWM, we speculate
that occult colonies of biofilm may be a factor in surgeries involving the RWM,
sensorineural hearing loss, and hearing preservation/fibrosis following cochlear
implantation, and more controversially in hidden perilymph leaks causing
sudden deafness and labyrinthine pathology.
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Introduction endangering inner ear function, particularly in connection with
RWM surgery.
Due to its proximity to infection-prone areas, the human cochlea and In this study, we re-analyzed archival well-preserved human

inner ear are potentially challenged by invading pathogens via the  cochlear tissue using light (LM) and electron microscopy (TEM)
Eustachian tube. Moreover, the round window membrane (RWM) isthin (1, 2). It consisted of RWMs where the middle ears were
and fragile serving important auditory functions. The RWM is protected ~ considered “healthy” with normal eardrums investigated before
and hidden behind a bony overhang and invariably by an extra-, or  transotic removal of petroclival meningioma. Bacteria and
pseudomembrane that may serve as an extra shield. biofilms were discovered in the RWNs in two out of five

In a recent study using synchrotron phase-contrast imaging  specimens together with signs of an inherent biological defense
(SR-PCI) and 3D rendering, we found that the round window  response. Normally, the RWM was found to be 12-20 microns
niche (RWN) is entirely closed against the middle ear with  thick with an epithelial cell layer consisting of shallow tight
isolated spaces in 20% of an unselected collection of human  junction strands. The significance of these findings in connection
temporal bones (submitted O&N 2024). We speculate whether ~ with round window surgery and inner ear conditions is
such hidden spaces could potentially house occult pathogens  discussed.
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FIGURE 1

Light (A) and electron microscopy (B) of a normal human round window. The thickness of the membrane is approximately 12—-20 pm, while the

epithelial layer can be as thin as 50 nanometers. Its inner surface consists of a mesothelium layer lacking a basal lamina. The middle stroma contains
cells producing collagen and elastic fibers explaining its great elasticity.

Frontiers in Neurology 02 frontiersin.org


https://doi.org/10.3389/fneur.2024.1495893
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Lietal.

10.3389/fneur.2024.1495893

FIGURE 2

magnification shows the fine structure of the elastic fibers (EL).

(A) Transmission electron microscopy of a human RWM shows fibrocytes producing collagen (col) and elastic fibers. The framed area in A is shown in
higher magnification in B with enclosed secretory products of both elastic fibers (*) and collagen fibers. (C) Elastic fibers of different sizes (*). (D) Higher

Materials and methods

Light and transmission electron
microscopy

Five archival human RWMs from cochlear specimens removed
in patients operated on for petroclival meningioma using the
transcochlear approach were re-analyzed. Preoperatively, all ear
drums were considered normal with no signs of external or middle
ear infections or other middle ear pathology notable by the surgeon.
All five specimens were semi-thin sectioned and ultrathin-sectioned
for transmission electron microscopy (TEM). Surgical procedures,
fixation, and processing of the tissue for LM and TEM were earlier
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described (2). Semi-thin sections were stained with toluidine blue,
followed by ultrathin sectioning of areas of interest. The sections were
stained in lead citrate and uranyl acetate and examined at 80 kV with
a Tecnai™ G2 Spirit TEM (Thermo Fisher/FEI Company, Eindhoven,
NL). Images were captured with an ORIUS™ SC200 CCD camera
(Gatan Inc., Pleasanton, CA, United States) using Gatan Digital
Micrograph software.

Synchrotron phase-contrast imaging

To search for hidden middle ear spaces, potentially housing
occult bacterial infections, 64 cadaveric human temporal bones
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FIGURE 3

(A,B) TEM of the RWM at the lateral bony insertion with several thin-walled lymph vessels (Ly) surrounded by capillaries (cap). (C) Framed area in A is
shown in higher magnification. The lymph vessel endothelium (end) is thin with no basal lamina. (D) Framed area in A shows the thin endothelium
(End) of the lymph vessel facing electron-dense epithelial cells of the middle ear mucosa. BL; basal lamina. End; endothelium of the lymph vessel.

Middle ear

with no known otologic disease underwent SR-PCI at the
Canadian Light Source Inc. (Saskatoon, SK, Canada) using the
Biomedical Imaging and Therapy beamline (05ID-2). The gender
and age of the donors were unknown. A total of 13 pairs of bones
with left and right ears were used. The SR-PCI technique used
was previously described (3-5). Open-source medical imaging
software, 3D Slicer (www.slicer.org, version 5.0.3; (6)), was used
to segment and create 3D representations of the human specimens
for analyses of the human RW and its niche. A more systematic
presentation of the SR-PCI results is shown in a separate study
(O&N, submitted September 2024).

Frontiers in Neurology

Results

Three RWM specimens (134A, 136A, and 137A) displayed no signs
of any bacteria or biofilm, and cell structures were excellently preserved
(Figures 1-4). The RWM thickness was approximately 12 pm at the
thinnest point and widened triangular at the RWM annulus at the bony
attachment (Figure 1A). The RWM epithelium facing the middle ear was
flat with shallow intercellular tight junctions while the mesothelium
facing scala tympani lacked intercellular junctions as well as a basal
lamina (Figure 1B). The stromal tissue contained mesenchymal cells
showing active signs of collagen and elastic fiber production and secretion
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FIGURE 4

(A) TEM of dark middle ear epithelial cells of the round window near the bony wall in a bacteria-free specimen (137A) (framed area in B). (C) Adjacent
thin section shows the same cell seemingly loosening from the epithelium (bold arrow). The cell conceivably undergoes cell division (small right arrow
in C). A free dendritic cell can also be seen in the middle ear (small left arrow). LV; lymph vessel. RWM; round window membrane. ME; middle ear.

(Figure 2). The RWM connective tissue contained fibrocytes, a few free
cells, and lymphatic vessels that enlarged at the annulus surrounded by
several blood capillaries (Figures 3A,B). Lymphatics were thin-walled, had
no gaps, and lacked a typical basal lamina (Figures 3C,D). The epithelial
cells facing the middle ear varied greatly in thickness, and at the annulus,
these cells increased in size, were more electron-dense, and occasionally
gave the impression of transforming into free cells (Figures 4A-C). Free
dendritic-like cells conceivably representing macrophages could also
be noted (Figure 4C).

In two specimens (138A and 142A), there were free and
conglomerates of bacteria and biofilm facing the external surface of the
RWM, as well as bacteria within the membrane (Figures 5A-D, 6A-E).
The bacteria were ultrastructural identical in both ears. They represented
coccobacilli having a diameter of approximately 0.5-1 pm. Some bacteria
penetrated deep into the annulus region (Figures 5A,C). There was a
leucocyte response with macrophages and a few neutrophils and signs of
active phagocytosis with macrophages containing degraded bacteria
(Figures 5B,D). The lumen of the lymphatics was filled with
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electron-dense secretory material, a few leucocytes, and degraded bacteria
(Figures 6A,B). The bacterial wall had a typical pentalaminar structure
(Figure 6C). Diplobacilli could also be seen (Figure 6D). A few bacteria
had entered into the scala tympani, and the RWM was edematous partly
undergoing degeneration (Figure 6E). The organ of Corti and the lateral
wall tissue at the RWM were also affected by the infection, showing signs
of cell degeneration. However, whether cell structure higher up in the
cochlea was affected could not be evaluated in these specimens.

The synchrotron radiation phase-contrast imaging (SR-PCI) of
human temporal bones and the 3D reconstructions of the round window
region were accomplished in 66 human cadaveric temporal bones. The
complete results are published in a separate paper (submitted for
publication in O&N, 2024). Synchrotron analyses showed that a
pseudomembrane was present in the RWN in 80% of the specimens, of
which 20% were completely closed from the middle ear. The SR-PCI of a
left human ear with pseudomembrane closing the RWN is shown in
Figures 7A,B. It also demonstrates an infralabyrinthic cleft closed by a thin
membrane. A 3D rendering shows the pseudomembrane as well as the
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(A) Light microscopy of a human RWM at the lateral bony attachment. Bacterial pathogens (coccobacill)) are present in the middle ear facing the RWM
and in the tissue stroma near the bony insertion (framed areas). Bacteria in the left frame are magnified in B. There are several dilated lymph vessels in
the RWM (asterisks). (C) Bacteria are shown in higher magnification. (D) A neutrophil is engaged in bacteria phagocytosis (arrow).

entrance of a widened space beneath the cochlea. In 3%, the RWN
contained dense tissue or serous fluid plugs partly obstructing the niche.
A serous fluid plug can be seen between the round membrane and
pseudomembrane in the RWN (Figure 7B, inset).

Discussion

There is still some controversy over whether healthy human
middle ear mucosa is sterile or may harbor a diverse microbiome. The
results may depend on the techniques and sensitivity of the methods
used (7-11). A molecular study revealed no evidence of substantial
bacterial populations in the healthy middle ear (7). Conversely,
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another similar study of surgical samples collected from normal
middle ear mucosa provided ample evidence of bacterial populations,
with the most abundant being Proteobacteria, Actinobacteria,
Firmicutes, and Bacteroidetes, which differed between children and
adults (8). A majority of mucosal specimens collected from the
promontory at cochlear implantations (Cls) displayed inflammatory
and dispersed bacteria with fragments of biofilms (10). However,
another similar study showed no biofilms in specimens obtained
from patients undergoing CI surgery (12).

Synchrotron phase-contrast imaging and 3D rendering
present novel sophisticated information on the human temporal
bone anatomy (3). The human middle ear consists of complex,
partially separated outpouchings where stagnated secretions and
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FIGURE 6

(A) Light microscopy of the lateral bony insertion of the RWM in another specimen with pathogens on both sides of the edematous membrane
(encircled in the middle ear). A macrophage appears on the scala tympani side engaged in bacteria phagocytosis (toluidine and osmium staining).
(B) TEM of the lymphatics shown in A enrolled in bacteria phagocytosis, entrapment (white arrow), and transportation in the lymph vessel containing
secretory masses. (C) A coccobacilli seen in higher magnification. The bacteria cell wall has a pentalaminar structure. (D) Coccobacilli with one
diplobacillus at upper right. (E) TEM of the area shown in A (arrow). One degenerated cell contains degraded bacteria. RWM; round window

membrane.

contagious material could potentially be concealed. Spaces such
as the RWN, tympanomeningeal fissure [Hyrtl’s fissure, Mudry
(13)], and infralabyrinthic clefts near the round window could
be colonized by occult microorganisms. Conceivably, this could
explain the different results obtained from cultivating middle ear
tissue. These regions may be potential risks during inner ear
surgery, particularly during RWM surgery, which critically
challenges the surgically opened inner ear. Even though, the
present results cannot substantiate that the closed spaces in the
middle ear house hidden infectious material, it may highlight the
importance of irrigating and cleaning the RWN before perforating

Frontiers in Neurology

the RWM to avoid contagions being transmitted into the inner ear
during surgery.

The present study showed that bacteria biofilms may be present
in the RWN in non-diseased ears. This may be relevant to consider,
not only for avoiding pathogen invasion during round window
surgery but also for their potential role in causing perilymph leak and
sensorineural deafness. In the affected specimens, the RWM was
edematous and the epithelial barrier was partly down-broken, which
could result in noxious substances reaching perilymph. Inflammatory
changes of the RWM could lead to a breach of the membrane barrier
and leak of perilymph resulting in sudden and hidden sensorineural
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(A) SR-PCI (1637L) of a left human ear with pseudomembrane (PM) closing the round window niche that is completely aerated. At the hypotympanum
there is an infra-labyrinthine cleft also closed by a membrane. Framed area is shown in higher magnification in the inset. A vessel is shown at the angle
between the round window membrane (RWM) and the wall of the round window niche (RWN, lower arrow). (B) 3D rendering (1637L) shows the
pseudomembrane and the round window membrane as well as the entrance of the infra-labyrinthine cleft. Inset shows, in a different specimen

(1756 L), a serous fluid plug (*) between the RWM and pseudomembrane. BM; basilar membrane. SSL; secondary spiral lamina. SL; spiral ligament.

deafness. The cause of sudden deafness is still much of an enigma and
is under debate. Hidden perilymph leaks have recently been debated
as a possible cause where fistula repair is feasible (14). Novel
diagnostic tests using biomarkers and high-resolution imaging may
assist in improved diagnosis of these difficult and rare conditions.
Vascular and immune-mediated causes are suspected and anti-
inflammatory drugs such as corticosteroids are used, and even
injected intra-tympanic.

Our results show that the human RWM may be endowed with
a lymphatic drainage system involved in the protection of the
inner ear. The RWM is well vascularized and contains thin-walled
lymph vessels identified by their endothelial cell characteristics

Frontiers in Neurology

and absent basal lamina. They can be perceived in the thin RWM
partitions and at the membrane ring (annulus). Similar findings
were made in the cynomolgus monkey and described in an earlier
publication (15). Sophisticated immune-cellular protection of the
inner ear from invading pathogens appears to be present in the
RWN. In the cynomolgus monkey, strategically located glands
were localized at the peripheral rim of the RWM surrounded by
blood and lymph vessels. Hence similarly, foreign material may
be trapped in the RWN by the secretion of glycoproteins
recirculated and disposed across lymphatics in humans.
Immunoglobulins and chemotactic attraction of leucocytes and
macrophages may follow to clear this critical space to circumvent
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FIGURE 8

lymph vessel.

Principle drawing of feasible lymphatic defense system present in the human round window membrane (RWM) and niche (RWN). Microorganisms and
foreign substances reaching the middle ear may be trapped by mucus secretion and immune cells, processed and recirculated along the lymphatics
and blood vessels within the RWM. Thereby, the RWM may act to protect the inner ear from entering pathogens. SSL; secondary spiral lamina. LV;

the entering of noxious material into the vulnerable inner ear
(Figure 8). Our findings could suggest that vigilant attentiveness
may be motivated to scrutinize hidden RWM ruptures in patients
with idiopathic sudden sensorineural hearing loss in the future.

Limitations of this study

Tissue histologically analyzed was removed in patients with
petroclival meningioma, a condition that could influence inner ear
homeostasis and immune conditions. The ear drum and middle ears
were considered “healthy” when investigated before transotic removal.
Although there were no signs of tumor invasion, all patients showed
pathologic changes in the vicinity of the inner ear that could have
influenced the cell anatomy. Repeated morphological analyses,
including electron microscopy of the human cochlea, had not
previously revealed bacteria infiltration.

Data availability statement
The original contributions presented in the study are included in

the article/supplementary material, further inquiries can be directed
to the corresponding author.

Frontiers in Neurology

Ethics statement

The studies involving humans were approved by the local ethics
committee (Etikprévningsnamnden Uppsala, no. 99398, 22/9 1999,
cont, 2003, no. C254/4; no. C45/7 2007, Dnr. 2013/190) at the Uppsala
University Hospital (no. 99308). The study adhered to the rules of the
Declaration of Helsinki. Human cochleae were collected during
surgery via a trans-cochlear approach for posterior cranial fossa
meningioma that had reached the clivus anteriorly. Cadaveric samples
used for SR-PCI were obtained with permission from the body
bequeathal program at Western University (London, ON, Canada) in
accordance with the Anatomy Act of Ontario and Western's Committee
for Cadaveric Use in Research (Approval #122611). The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study. Written informed consent was
obtained from the individual(s) for the publication of any potentially
identifiable images or data included in this article.

Author contributions

HLi: Investigation, Methodology, Software, Visualization, Writing
- review & editing. KS: Investigation, Methodology, Visualization,

frontiersin.org


https://doi.org/10.3389/fneur.2024.1495893
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Lietal.

Writing - review & editing. HLa: Investigation, Methodology,
Resources, Writing - review & editing. SA: Methodology, Resources,
Visualization, Writing - review & editing. HR-A: Conceptualization,
Funding acquisition, Investigation, Project administration, Writing
- original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the Swedish Research Council (2022-03339), the
Tysta Skolan Foundation, and the Swedish Deafness Foundation
(hrf). We also acknowledge the kind donations of private funds
made by Arne Sundstrém, Sweden. The project was supported by
MED-EL Elektromedizinische Gerite GmbH, Innsbruck, Austria
under the agreement and contract with Uppsala University. Part
of the research described in this paper was performed at the
Canadian Light Source, a national research facility of the
University of Saskatchewan, which is supported by the Canada
Foundation for Innovation (CFI), the Natural Sciences and
Engineering Research Council (NSERC), the National Research
Council (NRC), the Canadian Institutes of Health Research
(CIHR), the Government of Saskatchewan, and the University
of Saskatchewan.

References

1. Rask-Andersen H, Kinnefors A, Illing R-B. On a novel type of neuron with
proposed mechanoreceptor function in the human round window membrane—an
immunohistochemical study. Rev Laryngol Otol Rhinol. (1999) 120:203-7.

2. Rask-Andersen H, Kinnefors A, Svedberg M, Illing R-B. The human round
window—a perilymph pressure regulator? On a novel mechanoreceptor-like neuron in
the human round window membrane. Audiol Med. (2004) 2:182-92. doi:
10.1080/16513860410018213

3. Elfarnawany M, Rohani SA, Ghomashchi S, Allen DG, Zhu N, Agrawal SK, et al.
Improved middle-ear soft-tissue visualization using synchrotron radiation
phase-contrast imaging. Hear Res. (2017) 354:1-8. doi: 10.1016/j.heares.2017.
08.001

4. Koch RW, Elfarnawany M, Zhu N, Ladak HM, Agrawal SK. Evaluation of cochlear
duct length computations using synchrotron radiation phase-contrast imaging. Otol
Neurotol. (2017) 38:€92-9. doi: 10.1097/MAO.0000000000001410

5. Li H, Schart-Morén N, Rohani SA, Ladak HM, Rask-Andersen H, Agrawal S.
Synchrotron radiation-based reconstruction of the human spiral ganglion: implications
for cochlear implantation. Ear Hear. (2020) 41:173-81. doi: 10.1097/AUD.000000
0000000738

6. Fedorov A, Beichel R, Kalpathy-Cramer J, Finet ], Fillion-Robin JC, Pujol S, et al.
3D Slicer as an image computing platform for the quantitative imaging network. Magn
Reson Imaging. (2012) 30:1323-41. doi: 10.1016/§.mri.2012.05.001

7. Jervis-Bardy J, Leong LEX, Papanicolas LE, Ivey KL, Chawla S, Woods CM, et al.
Examining the evidence for an adult healthy middle ear microbiome. Clin Vaccine
Immunol. (2019) 4:10-1128. doi: 10.1128/mSphere.00456-19

Frontiers in Neurology

10

10.3389/fneur.2024.1495893

Acknowledgments

We thank Karin Lodin for skillful artwork. Manuscript editing
provided by Lauren Siegel.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

8. Minami SB, Mutai H, Suzuki T, Horii A, Oishi N, Wasano K, et al. Microbiomes of
the normal middle ear and ears with chronic otitis media. Laryngoscope. (2017)
127:E371-7. doi: 10.1002/LARY.26579

9. Stenfors LE. Non-specific and specific immunity to bacterial invasion of the middle
ear cavity. Int J Pediatr Otorhinolaryngol. (1999, 1999) 49:5223-6. doi: 10.1016/
50165-5876(99)00164-0

10. Tonnaer EL, Mylanus EA, Mulder JJ, Curfs JH. Detection of Bacteria in healthy
middle ears during Cochlear implantation. Arch Otolaryngol Head Neck Surg. (2009)
135:232-7. doi: 10.1001/archoto.2008.556

11. Westerberg BD, Kozak FK, Thomas EE, Blondel-Hill E, Brunstein JD, Patrick DM.
Is the healthy middle ear a normally sterile site? Otol Neurotol. (2009) 30:174-7. doi:
10.1097/MAO.0B013E31819225A0

12. Hall-Stoodley L, Hu FZ, Gieseke A, Nistico L, Nguyen D, Hayes J, et al. Direct
detection of bacterial biofilms on the middle-ear mucosa of children with chronic otitis
media. JAMA. (2006) 296:202-11. doi: 10.1001/jama.296.2.202

13. Mudry A. Hyrtl fissure: a historical thriller. Otol Neurotol. (2009) 30:570-3. doi:
10.1097/MAO.0b013e31819e909e

14. Sasaki A, Ikezono T, Matsuda H, Araki R, Matsumura T, Saitoh S, et al. Prevalence
of perilymphatic fistula in patients with sudden-onset sensorineural hearing loss as
diagnosed by Cochlin-tomoprotein (CTP) biomarker detection: its association with age,
hearing severity, and treatment outcomes. Arch Otorhinolaryngol. (2024) 281:2373-81.
doi: 10.1007/500405-023-08368-0

15. Engmér C, Laurell G, Bagger-Sjobick D, Rask-Andersen H. Immunodefense of
the round window. Laryngoscope. (2008) 118:1057-62. doi: 10.1097/
MLG.0b013e31816b30b0

frontiersin.org


https://doi.org/10.3389/fneur.2024.1495893
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1080/16513860410018213
https://doi.org/10.1016/j.heares.2017.08.001
https://doi.org/10.1016/j.heares.2017.08.001
https://doi.org/10.1097/MAO.0000000000001410
https://doi.org/10.1097/AUD.0000000000000738
https://doi.org/10.1097/AUD.0000000000000738
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1128/mSphere.00456-19
https://doi.org/10.1002/LARY.26579
https://doi.org/10.1016/s0165-5876(99)00164-0
https://doi.org/10.1016/s0165-5876(99)00164-0
https://doi.org/10.1001/archoto.2008.556
https://doi.org/10.1097/MAO.0B013E31819225A0
https://doi.org/10.1001/jama.296.2.202
https://doi.org/10.1097/MAO.0b013e31819e909e
https://doi.org/10.1007/s00405-023-08368-0
https://doi.org/10.1097/MLG.0b013e31816b30b0
https://doi.org/10.1097/MLG.0b013e31816b30b0

	Middle ear biofilm and sudden deafness a light and transmission electron microscopy study
	Introduction
	Materials and methods
	Light and transmission electron microscopy
	Synchrotron phase-contrast imaging

	Results
	Discussion
	Limitations of this study


	References

