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In the clinical setting, the pathophysiology of sensorineural hearing loss is poorly defined and there are currently no

diagnostic tests available to differentiate between subtypes. This often leaves patients with generalized treatment options

such as steroids, hearing aids, or cochlear implantation. The gold standard for localizing disease is direct biopsy or

imaging of the affected tissue; however, the inaccessibility and fragility of the cochlea make these techniques difficult.

Thus, the establishment of an indirect biopsy, a sampling of inner fluids, is needed to advance inner ear diagnostics and

allow for the development of novel therapeutics for inner ear disease. A promising source is perilymph, an inner ear liquid

that bathes multiple structures critical to sound transduction. Intraoperative perilymph sampling via the round window

membrane of the cochlea has been successfully used to profile the proteome, metabolome, and transcriptome of the inner

ear and is a potential source of biomarker discovery. Here, we discuss the various applications of human perilymph

sampling and propose a design for a sampling needle.
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1. Applications of Human Perilymph Sampling

Opening the inner ear was historically considered impossible due to the risk of hearing loss; however, recent experience

with hearing preservation cochlear implantation and past sampling studies on stapedectomy patients indicates that it is

possible to manipulate the inner ear with no or minimal loss of residual hearing in most patients . We propose that

perilymph can be sampled as a stand-alone procedure. Several different existing ear surgeries can be used to model the

development of a perilymph sampling procedure including cochlear implantation, stapedectomy, and cochleosacculotomy.

Initial applications of perilymph sampling will likely be in enhancing CI and evaluating progressive hearing loss. As more

targeted therapeutics for hearing loss emerge, further applications will develop .

1.1. Cochlear Implantation

A cochlear implant is a prosthetic device inserted into the inner ear of patients with severe SNHL and poor speech

perception who have minimal improvement with the use of hearing aids. Criteria for undergoing implantation have been

recently expanded from including only patients with profound hearing loss to those patients with significant residual

hearing but poor speech understanding. The surgery is performed by drilling a mastoidectomy and then entering the

middle ear space through a posterior tympanotomy (the space between the incus, chorda tympani, and facial nerves) .

The bony overhang of the round window is then drilled down to visualize the RWM. An incision is made in the RWM,

allowing for the sampling of a small amount of perilymph. The electrode can then be advanced through the window.

CI can improve the speech perception ability in 82.0% of adults with post lingual hearing loss and 53.4% of adults with

prelingual hearing loss and can markedly improve quality of life in the responders . However, there is a proportion of

patients who do not benefit, and most continue to lose hearing that was present before the operation . Unfortunately,

clinicians currently have no way to predict which patients will respond to CI. Although duration of hearing loss and pre-

implantation speech perception are thought to be correlated to outcomes, studies have shown mixed results in small

sample sizes, and there is still no consensus regarding which patient factors predict functional hearing over time .

Characteristics such as sex and age also have mixed results regarding correlation to residual hearing, and do not account

for the large variability in patient response to CI . In animal models, some groups have shown that trauma during surgery

can induce inflammation and affect post-op hearing ; however, human studies have shown that hearing continues to

decline long after post-operative inflammation has resolved . Taken together, this has led to the hypothesis that etiology

of SNHL rather than patient profile or surgical factors may have the most influence on CI outcomes, further demonstrating

the need for subclassification of SNHL.

Most of the current perilymph sampling studies have focused on perilymph sampled from cochlear implant patients and

information derived from these studies may yield information on optimal pharmacologic intervention to protect hearing
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during the implantation process. Sampling could also help predict who would be a candidate for supplementation with

neurotrophins or who could benefit from drug eluting cochlear implant electrodes . Since patients with significant residual

hearing are being successfully implanted, perilymph sampling at the time of implantation can give us initial safety data on

the procedure when it is performed at the same time as cochlear implantation. Hannover Medical School has been

routinely sampling perilymph on all implant patients and has not seen a decline in their hearing preservation rates .

However, safety data should not be gleaned solely from CI procedures. Both the perilymph sampling procedure and CI

electrode insertion require puncture of the RWM, which causes perilymph egress. Therefore, if these are done

simultaneously, it will be difficult to draw conclusions regarding the safety of perilymph sampling specifically.

1.2. Stapedectomy and Cochleosacculotomy

Several other operations access the inner ear fluid spaces. Stapedectomy is commonly performed for patients with

otosclerosis, a cause of CHL. Stapedectomy is well tolerated and significantly improves hearing, with some studies

showing up to 70% of patients achieving an air–bone gap of 20 dB or better .

Although opening the stapes footplate accesses the perilymphatic spaces of the inner ear, this approach would probably

not be applicable in routine perilymph sampling in patients without a fixed stapes footplate. Additionally, in patients

undergoing workup for SNHL, the stapes supra-structure would impede access to the inner ear. Access to the middle ear,

which contains the stapes bone, is gained by making an incision in the auditory canal and lifting the tympanic membrane.

The bony scutum is then shaved down, allowing for the visualization of multiple middle and inner ear structures, including

the round window niche.

Stapedectomy is generally not indicated for SNHL and is therefore not useful for directly profiling patients with SNHL.

However, it is commonly performed for CHL, which provides an opportunity for a control group. Although sampling during

stapedectomy is a debated topic among some clinicians, multiple groups have reported safety using this methodology,

and stapedectomy has yielded valuable information on the pathogenesis of CHL

. In this technique, perilymph is not collected from the stapedotomy opening, but from the surrounding footplate where

perilymph has already egressed out of the vestibule. Therefore, it is unlikely that collection of perilymph is significantly

altering post-operative outcomes.

The RWM itself is accessed during another open ear surgery called cochleosacculotomy, indicated for patients with

refractory MD (SNHL) who have minimal or no residual hearing in the affected ear . In this procedure, the middle ear is

opened and the bony overhang of the round window niche is removed. A 4 mm right-angle pick is then used to obliterate

the inner ear. A similar approach to the round window could be used to develop a non-destructive sampling of inner ear

fluid.

1.3. Proposed Method of RWM “Tap”

For sampling perilymph, a standard transcanal approach would be used. After making a cut in the ear canal skin, the

tympanic membrane is elevated, revealing the structures of the middle ear (Figure 1A). The round window niche is

identified, and the bony overhang is removed. Next, the stapes is gently palpated to look for a round window reflex to

ensure the correct anatomical plane. The window is then punctured for a sample. Optimally, this should be in the inferior

portion of the round window to avoid the basilar membrane. The RWM is at a median angle of 113 degrees to the ear

canal; thus, a curved sampling device would be needed. As can be seen in the temporal bone specimen, this approach

allows access to the basal turn of the cochlea (Figure 1B) . At the conclusion of sampling, a small tissue patch can be

applied. The eardrum is then moved back into position.

[7]

[8][9]

[10][11]

[12][13][14][15][16][17][18][19][20][21][22][23][24][25]

[26]

[27]

[28]



Figure 1. Endoscopic view of the right human middle ear (A). After lifting the tympanic membrane, the round window can

be seen but is partially obscured by a bony overhang. Only a small area of the stapes footplate is visible next to the facial

nerve (VII), making it difficult to access. The anatomy of the cochlea can be seen in a human temporal bone in which the

cochlea has been opened (B). The round window niche allows access to the basal turn of the cochlea. A prototype

sampling device features a 56 mm long shaft that can be passed down the ear canal to reach the round window (C). The

device has two internal actuators, one advancing a needle and one allowing a plunger to be withdrawn from the

needle/internal reservoir (D,E) through threading built into the device (green arrow, (E)). This allows advancement of a

needle from the curved tip of the device in submillimeter increments and withdrawal of up to 10 µL of fluid. The tip of the

device is shown in (F) and measures 0.86 mm at the tip (arrow) from which the needle is deployed.

1.4. Progress in the Design of Sampling Devices

Successful perilymph sampling depends on developing a device that safely accesses the scala tympani and

atraumatically withdraws a small sample. In humans, sterile glass capillary tubes are commonly used for intraoperative

sampling via the RWM with preservation of residual hearing . When placed in perilymph, the capillary tube

forms a meniscus. This creates a pressure gradient, causing the fluid to move into the tube. The amount of fluid drawn up

depends on the radius of the tube, density of the liquid, and surface tension. The angle of approach is also an important

factor, as this determines the curvature of the meniscus and thus affects the size of the pressure gradient. Benefits of

using the glass capillary tube include a simple methodology and low cost. However, volume aspirated into the capillary

can be non-uniform due to variable tube diameter and user technique. In addition, puncture of the RWM with the glass

capillary tube can cause CSF outflow into the scala tympani and contamination of the sample . A specific capillary tube

has not been validated for intraoperative use in humans; however, multiple research groups have used various sterile

glass capillary tubes for perilymph extraction without complication .

Microneedles can also be used for sampling. There are multiple types, most of which have been developed and optimized

in animal models. To collect perilymph, the needle is advanced into the RWM and perilymph is drawn up using a syringe.

Multiple studies have shown that perforation of the RWM with microneedles does not affect hearing threshold in animals

and is generally atraumatic . Microneedles have not yet been tested in humans intraoperatively; however Early

et al. recently tested a novel microneedle in fresh frozen human temporal bones. They found that the microneedle with

syringe could reliably withdraw 5 µL of perilymph from the scala tympani with minimal contamination and little trauma to

the RWM . Although microneedles have a more complex design than glass capillary tubes, they allow for controlled

aspiration of perilymph. This may result in more consistent volumes sampled and may decrease the likelihood of CSF

contamination. Using the approach to the round window outlined above and a curved sampling device, articulated

instruments that allow incremental advancement of a needle through the round window and subsequent microfluidic

withdrawal of 10 µL of perilymph could also be designed (Figure 1C–F).
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1.5. Safety and Limitations

Although sampling has been conducted for many years across multiple institutions, there are very few studies directly

examining the effects of intraoperative perilymph sampling on post-operative outcomes. Schmitt et al. is the only group to

specifically address potential effects on post-CI residual hearing. They compared pre- and post-operative hearing

thresholds between patients who underwent CI plus perilymph sampling and randomly selected patients that underwent

only CI. No significant differences in residual hearing or speech perception were found between the groups .

There is a long history of sampling perilymph in stapedectomy patients. This technique has been used previously for

profiling perilymph with no apparent complications but, as noted above, is probably not applicable to routine perilymph

sampling for sensorineural hearing loss. Some additional insight can be gained from the surgical procedures in which the

inner ear is opened. Stapedectomy is considered a safe procedure having only a minimal incidence of SNHL . However,

sampling through the stapes footplate would require manipulation of a mobile stapes. Hearing preservation CI in which the

ear is not only opened but an implant placed has shown complete hearing preservation rates of 45%, and partial hearing

preservation rates of 100% . Analysis of cochlear microphonics during implantation suggests that if hearing loss

occurs, it is not related to opening the RWM but occurs fairly late in the implantation process . Therefore, a controlled

puncture with a sampling of 5–10 μL is unlikely to cause any hearing loss.

There are also some technical limitations of the sampling procedure. Studies in guinea pigs show that perforation of the

RWM induces perilymph outflow driven by CSF pressure, leading to possible CSF contamination of the sample, and that

samples greater than 10 μL can be significantly contaminated with CSF . There can also be interparticipant variations in

perilymph volume, and samples can contain differing amounts of CSF and blood contamination. However, these

limitations can be overcome through proper training, sample quality checks, and further optimization of instrumentation

such as the microneedles used for extraction. Individual anatomic differences in the cochlear aqueduct must also be

considered in sampling methodology. If the cochlear aqueduct is widely patent, there may be excessive perilymph and

CSF outflow when the RWM is punctured during CI prior to electrode placement . Only the fluid that first flows out of the

RWM is pure perilymph. Therefore, if there is a large volume outflow, the fluid is likely to be contaminated with CSF that

has entered the inner ear via the cochlear aqueduct. The likelihood of a CSF gusher is not entirely predictable but has

been associated with malformation of inner ear structures, which may be detected on CT . Finally, to move forward with

developing this technique, large animal models such as pigs will be needed to test novel devices .
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