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ABSTRACT
Objective: Intracochlear hydraulic pressure change that occurs during cochlear implant surgery is thought to play a role in hearing preserva-
tion. Presence of intracochlear air might be a problem when performing pressure measurements in temporal bones. In this study, we aimed to 
examine if air could enter the cochlea due to decomposition through the opening of the labyrinth and through electrode insertion. Further-
more, the effect of a large amount of insufflated intracochlear air on peak hydraulic pressure during electrode insertion was also examined 
in fresh frozen heads (FFHs).
Methods: Three human FFHs were used. An electrode was inserted three consecutive times, while the peak hydraulic pressure was mea-
sured. Air was then insufflated, and a second series of electrode insertions was performed. Computed tomography scans were performed on 
each FFH before each experiment and after insufflation of air. Volume in mm3 and location of air were reported.
Results: All FFHs had air, especially in the subarachnoid and intravascular space. One FFH had air in both cochleae (3–5 mm3). All FFHs 
showed air near the stapes footplate (1–3 mm3) after opening of the labyrinth. Air was present in the vestibule and scala vestibuli (1–23 mm3) 
of all FFHs after the electrode insertions and removal of the pressure sensor. The mean peak hydraulic pressure during electrode insertion 
decreased with insufflation of air (from 0.68 mmHg (standard deviation [SD] 0.34) to 0.24 mmHg (SD 0.14).
Conclusion: Future studies on FFH or temporal bones should consider intracochlear air when performing hydraulic pressure measurements. 
Keywords: Cochlea, cochlear implants, fresh frozen head, hydraulic pressure, sensorineural hearing loss

Introduction

Cochlear implantation (CI) was first developed for pa-
tients with profound deafness. It has been shown to be 
a cost-effective intervention for patients with severe to 
profound sensorineural hearing loss (1). Because of con-
tinuous advances in CI technology and the subsequent 
improved outcomes in patients, the implantation criteria 
have expanded. Nowadays more patients with residual 
hearing in the low frequencies are being implanted. It is 
important to preserve the residual hearing in these pa-
tients. Therefore, hearing preservation during CI surgery is 
an important goal.

One of the factors that is thought to play a role in hearing 
preservation is the intracochlear hydraulic pressure change 

that occurs during CI surgery (2). Electrode insertion, among 
others, is one parameter that influences hydraulic pressure in 
an artificial cochlear model (3). Greene et al. (2) demonstrat-
ed that the intracochlear pressure changes during CI elec-
trode insertion showed intensities that were predicted to be 
similar to those evoked by high-level sounds. These pressure 
changes may have the potential to cause hair cell loss and, 
therefore, have the potential to cause residual hearing loss 
during CI surgery (2). It seems to be important to have mini-
mal intracochlear pressure change during CI surgery, which is 
why it is important to observe the hydraulic pressure during 
CI electrode insertion.

A problem related to current studies on hydraulic pressure 
during CI electrode insertion is that the majority of studies use 
artificial models of the cochlea (3-5). The problem with using 
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an artificial model is that the volume of the artificial model is 
slightly above the physiological range of a human cochlea (6). 
Few studies exist that use temporal bones instead of an ar-
tificial model (2, 7). A good reason for using temporal bones 
instead of an artificial model of the cochlea is the correct phys-
iology of the human cochlea. However, a problem that arises 
when using temporal bones is the possibility of intracochlear 
air, which could bias the results of intracochlear fluid pressure 
measurements (7). Air could theoretically enter the cochlea 
through opening of the round window and electrode insertion 
or it could be present due to decomposition (8). We found only 
one article on the effect of air in the cochlea on sound pressure 
measurements (7). It was found that intracochlear air bubbles 
could diminish the vestibule pressure (7). However, although 
studies on intracochlear pressure measurements during CI 
surgery exist, no studies that looked at the effects of possi-
ble intracochlear air on intracochlear pressure measurements 
during a CI electrode insertion have been found.

Therefore, in this study, we first aimed to show how air can 
enter the cochlea, and second, whether large air infiltration in 
the cochlea has an influence on intracochlear peak hydraulic 
pressure during a CI electrode insertion. Four hypotheses were 
tested:

•	 Intracochlear air can be generated through decomposi-
tion.

•	 Air can be introduced through the opening of the laby-
rinth.

•	 Air can be introduced through an electrode insertion.
•	 The mean hydraulic pressure will decrease when a large 

amount of insufflated air is present in the cochlea.

Methods

The medical ethics committee of the University Hospital 
Ghent, Belgium, approved this study (project number EC UZG 
2017/1297).

Fresh frozen head preparation
Three human fresh frozen heads (FFHs) were used in this 
study. Postmortem time was not known. The FFHs were from 
anonymous donors who signed informed consent to donate 
their bodies to medical science after their death. All heads 
were vacuum sealed and stored in a freezer at approximately 
−20°C. Before each experiment, an FFH was defrosted over-
night. A post-auricular skin incision was performed, and the 
musculoperiostal flap was prepared. Subsequently, a corti-
cal mastoidectomy and a posterior tympanotomy were per-
formed and the facial nerve, stapes, round window niche, and 

the round window membrane were identified. The round win-
dow membrane was then fully exposed, and a 1 mm hole was 
drilled in the stapes footplate where the pressure sensor could 
be placed. The round window stayed intact until after the first 
computed tomography (CT) scan.

Computed tomography scans
A dual-source 128-slice CT scanner (Somatom Definition 
Flash, Siemens, Germany) was used for the experiments. A 
total of four CT scans were performed on each FFH. An ex-
perienced head and neck radiologist, blinded to the specific 
actions of the experiment, reported the presence and location 
of air bubbles and measured their volumes semi-automatically 
using image processing software (Olea Sphere 3.0, France).

Hydraulic pressure measurement
The hydraulic pressure was measured using a fiberoptic pres-
sure sensor FOP-MA-NS-1094A and a FPI-HS_1-F2-SCAI-V 
signal conditioner with an EVO-SD-2 chassis (Fiso, Canada). 
The software acquisition rate was 1250 Hz, and the low pass 
filter was 5 Hz. The pressure sensor and the way it works has 
been previously described by Todt et al.6 The outcome mea-
sure was mean peak hydraulic pressure in mmHg. Although we 
could not compare our results with the literature, this outcome 
measure was chosen as it was the same as the outcome mea-
sure in studies on hydraulic pressure in an artificial model of 
the cochlea.

Experiments

An experimental repeated measures study was conducted in 
three FFHs. Each experiment consisted of a series of consec-
utive measurements in one FFH on one day. First, the FFH was 
defrosted, and a classical mastoidectomy and posterior tym-
panotomy was performed to gain access to the stapes region 
and the round window. The FFH was then moved to the radiol-
ogy department for measurements and CT scans. The first CT 
scan was performed to check for air in the cochlea. If air was 
present in the cochlea, the volume in mm3 and location were 
reported. After the first CT scan was performed, the fiberoptic 
pressure sensor was placed through a hole in the stapes foot-
plate, and the lead was fixed with adhesive tape to the skull 
so as to prevent movement of the sensor. The round window 
membrane was then opened.

The electrode that was used for the experiments was the 
CochlearTM Nucleus® slim straight electrode (Cochlear Ltd., 
Sydney, Australia). An electrode was manually inserted three 
consecutive times with the same speed (10 seconds) through 
a slit in the round window membrane. During each insertion, 
the peak hydraulic pressure was measured. After the three in-
sertions, a second CT-scan was performed, and the presence, 
volume, and location of air was reported. Then, 5 mL of air was 
manually insufflated into the cochlea through the round win-
dow. After filling the cochlea with air, a third CT scan was per-
formed, and volume and location of air were reported to check 
whether air was correctly insufflated. Another three insertions 
were then performed while measuring the peak hydraulic pres-
sure. A fourth and last CT-scan was performed, and the vol-
ume and location of possible air was reported.
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Main Points: 

•	 It is inconclusive whether intracochlear air can be generated 
through decomposition.

•	 Air can be introduced through the opening of the labyrinth.
•	 Air might be introduced through an electrode insertion.
•	 Insufflated intracochlear air might decrease peak hydraulic 

pressure when performing intracochlear hydraulic pressure 
measurements in fresh frozen heads.



Statistical analysis

Evolution software version 2.1.8.0 (FISO technologies Inc., 
Canada, 2016) and The Statistical Package for Social Sciences 
version 23.0 software (IBM Corp.; Armonk, NY, USA) were used 
to record and analyze the data (9). Owing to the small sample 
size, only descriptive statistics and graphs are presented.

Results

Hypothesis 1: Intracochlear air through decomposition
The contralateral cochleae (FFHc) of the three FFHs were eval-
uated for intracochlear air through decomposition before sen-
sor placement. In FFH1c and FFH3c, no intracochlear air was 
found. However, in FFH2c, air was found in the scala tympani 
of the basal turn of the cochlea and a minimal air bubble in the 
scala vestibuli of the basal and middle turn of the cochlea (5 
mm3). Furthermore, air was found in the vestibule, in the crus 
commune of the superior and posterior semicircular canal, 
and a minimal air bubble was found cranially in the posterior 

and lateral semicircular canals (13 mm3). However, it should 
be mentioned that a temporal bone fracture was also found, 
which did not seem to reach the labyrinth. In the ipsilateral side 
of FFH2, air was found in the scala tympani of the second half 
of the basal turn of the cochlea and two small air bubbles were 
found in the middle cochlear turn (total of 3 mm3) (Figure 1). 
The first CT scans showed air present in all FFHs, especially in 
the intravascular and subarachnoid space.

Hypothesis 2: Intracochlear air through opening of the 
labyrinth
All three FFHs had CT scans after surgical preparation, in which 
the round window membrane was still intact, but an opening 
through the stapes footplate was created. In all FFHs, small air 
bubbles with a volume of 1 mm3, 1 mm3, and 3 mm3 were found 
in the scala vestibuli, the vestibule, and anteriorly in the lateral 
and superior semicircular canal, respectively (Figure 2). 

Hypothesis 3: Intracochlear air through electrode insertion
After three consecutive electrode insertions, a large air bubble 
of 23 mm3 was present in the vestibule of FFH1, whereas only 
a small air bubble of 1 mm3 was present in the scala vestibuli 
before the electrode insertions. FFH2 and FFH3 both showed a 
minimal increase of 1 mm3 of air in the vestibule and in the lat-
eral semicircular canal (Figure 3). This location of air suggests 
that it is more likely that the removal of the pressure sensor 
might, but not necessarily, have introduced extra air instead of 
the electrode insertions.

FFH2 that showed air in the second half of the basal turn of the 
cochlea and in the middle cochlear turn pre-insertion, showed 
approximately the same amount of air post insertion (2 mm3 
versus 3 mm3 pre-insertions).

Hypothesis 4: Peak hydraulic pressure change after 
insufflation of air
After insufflating 5 mL of air manually, the volume and location 
of air were reported to check whether air was correctly insuf-
flated. FFH1 had 36 mm3 of air, FFH2 had 43 mm3 of air, and 
FFH3 had 58 mm3 of air. The location of air was in the vestibule 
and cochlea.

The intracochlear hydraulic pressure curve before and after air 
insufflation is shown in Figure 4. As the results of both FFHs 
showed a decline in peak hydraulic pressure, we pooled the 
data to calculate a mean peak hydraulic pressure. During the 
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Figure 2. Air in the vestibule and anteriorly in the lateral semicircular canal and in the superior semicircular canal

Figure 1. Air in the scala tympani of the second half of the basal turn 
of the cochlea before opening the round window and after opening 
the labyrinth
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Figure 3. Left: Vestibule without air before electrode/pressure sensor insertions. Right: Increase of air in the vestibule after electrode/pressure 
sensor insertions

Figure 4. The intracochlear hydraulic pressure curve before (above) and after (below) air insufflation
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second series of three electrode insertions in FFH2, a resis-
tance was felt during insertion. Therefore, we could not use 
that data for the evaluation of peak hydraulic pressure change 
during an electrode insertion. The mean peak hydraulic pres-
sure during electrode insertion before the insufflation of air 
was 0.68 mmHg (n 6, standard deviation [SD]: 0.34 mmHg). 
The mean peak hydraulic pressure during electrode insertion 
after the insufflation of air was 0.24 mmHg (n=4, SD: 0.14 
mmHg) (Figure 5).

Discussion

Intracochlear hydraulic pressure changes during electrode in-
sertion might cause hair cell loss and are, therefore, thought to 
play a role in the preservation of residual hearing (2). Studies 
measuring hydraulic pressure in temporal bones might face the 
problem of intracochlear air, which could influence the results 
of intracochlear fluid pressure measurements (7). However, no 
studies that looked at the effects of possible intracochlear air 
on intracochlear pressure measurements during a CI electrode 
insertion have been found.

In this study, we aimed to show whether large air infiltration 
has an influence on intracochlear peak hydraulic pressure 
during a CI electrode insertion and to show how air could enter 
the cochlea. This is the first experiment that we know of that 
looked at different ways air could enter the cochlea and the in-
fluence insufflated air had on the intracochlear peak hydraulic 
pressure during an electrode insertion in an FFH. 

Inconclusive whether intracochlear air can be generated 
through decomposition
Postmortem air because of decomposition has been reported 
before (8, 10, 11). Decomposition produces gas that begins in 
the intravascular space and proceeds to distend to all anatom-
ic spaces in a symmetrical distribution (10, 11). The location of 
air in one FFH, namely in the scala tympani of the basal turn of 
the cochlea and in the middle cochlear turn, could suggest air 
through decomposition because the air was not located near 
the opening in the stapes footplate. Furthermore, the air was 
present symmetrically. However, a temporal bone fracture was 
found in the contralateral ear. Although the fracture did not 
seem to reach the labyrinth, air insertion through this pathway 
cannot be ruled out. All the first CT scans showed air present 

in all FFHs, especially in the subarachnoid and intravascular 
space. This means that air through decomposition was present 
in all FFHs, but not in all the cochleae. Moreover, it was found 
that FFHs exist without intracochlear air through decomposi-
tion.

It has been reported that freezing and thawing of a human 
temporal bone could result in some fluid leakage out of the in-
ner ear, which then is replaced by air (12). However, this might 
be different in an FFH where the natural pathways of pressure 
equilibration are still present and intact, such as the cochle-
ar aqueduct and the vestibular aqueduct, which terminates 
with the endolymphatic sac. In this study fresh frozen heads 
were used. The advantages of using fresh frozen material is 
their realistic appearance and their flexibility once thawed (13).  
Furthermore, studies on different human tissues showed that 
fresh frozen material has no effect on the biomechanical prop-
erties of the material even when they are frozen and stored for 
long periods (14, 15). Moreover, studies have also shown that 
one-time freezing of human tissue does not harm the integri-
ty of the tissue, whereas repeated freezing and thawing leads 
to a diminished integrity (13). The FFHs in this study were not 
thawed before.

Air might be introduced through the opening of the 
labyrinth, through repeated electrode insertion and by 
removing the pressure sensor
All three FFHs showed air in the scala vestibuli, vestibule, 
and/or the semicircular canals after surgical preparation. 
This suggests that air might be introduced by opening the 
labyrinth through the stapes footplate. It was found that 
repeated electrode insertion may introduce air. However, in 
this study, a large amount of air was found in only one FFH, 
whereas only negligible air was found in the other two FFHs. 
Negligible air could be introduced when removing the pres-
sure sensor. The literature reports that air infiltration into 
the cochlea could be prevented by opening the labyrinth 
or inserting pressure sensors under water (16, 17). Another 
method to prevent air infiltration is to cover the gaps be-
tween the pressure sensors and the bone with dental ce-
ment (17). Greene et al. (2) placed the pressure sensors by 
thinning the cochlear promontory and using a fine pick un-
der a droplet of water instead of drilling a cochleostomy, to 
prevent air infiltration. However, they did not show whether 
this method was effective.

Influence of intracochlear air on peak hydraulic pressure
The results of the experiments in two FFHs showed a decreas-
ing peak hydraulic pressure with a large amount of insufflated 
intracochlear air. This corresponds with the literature (7). To 
the best of our knowledge, no study has considered this phe-
nomenon when inserting CI electrodes. When intracochlear air 
is not considered during intracochlear hydraulic pressure mea-
surements, the results cannot be generalized. If the presence 
and amount of intracochlear air is known, then it could be con-
sidered during the analysis of the results, which would provide 
more generalized conclusions. However, in this study, we did 
not investigate whether the amount of air through decompo-
sition, opening of the labyrinth, electrode insertion, or removal 
of the pressure sensor had a significant effect on the intraco-
chlear hydraulic pressure.
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Figure 5. Mean peak hydraulic pressure (mmHg) during electrode 
insertions with 95% confidence intervals in both fresh frozen heads 
under two conditions (before and after air was injected).



Our study had some limitations. Experiments were conducted 
in three FFHs, which made it difficult to draw general conclu-
sions based on our results. Because of logistic reasons, we were 
obliged to drill a hole in the footplate before the first CT scan 
was taken. Only the contralateral cochleae could be used for 
evaluation of air through decomposition. 

We have a couple of recommendations when performing in-
tracochlear hydraulic pressure measurements in temporal 
bones or FFHs:

•	 Perform a CT scan before and during hydraulic pressure 
experiments to evaluate the intracochlear air.

•	 Take measures to prevent intracochlear air infiltration 
during hydraulic pressure experiments, such as: 
o	 Using an intact FFH without fractures
o	 Placing pressure sensors by thinning the cochlear 

promontory and using a fine pick under a droplet of wa-
ter

o	 Covering the gaps between the pressure sensors and 
the bone with dental cement or something similar.

In conclusion, when performing hydraulic pressure measure-
ments in temporal bones, one should be aware of the fact that 
there is a possibility of intracochlear air that can possibly in-
fluence the results of the measurement. Air through decom-
position might be possible; however, FFHs do exist without 
intracochlear air through decomposition. We found that air 
could be introduced through opening of the labyrinth, repeat-
ed insertions of an electrode array, and when removing the 
pressure sensor. We also showed that insufflated intracochle-
ar air might have an influence on the peak hydraulic pressure 
measurements. The peak hydraulic pressure decreases with 
an increase in insufflated intracochlear air. Whether the air 
introduced through decomposition, opening of the labyrinth, 
insertion of an electrode, and/or removal of a pressure sensor 
has a significant effect on the intracochlear hydraulic pressure 
should be investigated in future studies. Studies using FFHs or 
temporal bones should make allowances for intracochlear air 
when performing hydraulic pressure measurements. Our ad-
vice is to perform a CT scan of the temporal bone before and 
during hydraulic pressure experiments to evaluate the intraco-
chlear air and to take measures to prevent air infiltration during 
the experiments.

Ethics Committee Approval: This study was approved by Ethics 
committee of University Hospital Ghent, Belgium, (Approval No: EC 
UZG 2017/1297).

Informed Consent: Written informed consent was obtained from the 
anonymous donors who agreed to donate their bodies to medical sci-
ence after their death. 

Peer-review: Externally peer-reviewed.

Author Contributions: Concept – C.S., I.D.; Design – C.S., I.D., I.K.; 
Materials – C.S., I.K.; Data Collection and/or Processing – C.S., V.vD.; 
Analysis and/or Interpretation – C.S.; Literature Search – C.S.; Writing 
Manuscript – C.S.; Critical Review – V.vD., I.D., I.K. 

Conflict of Interest: The authors have no conflict of interest to declare.

Financial Disclosure: The authors declared that this study has re-
ceived no financial support.

References
1.	 Cheng AK, Niparko JK. Cost-utility of the cochlear implant in 

adults: a meta-analysis. Arch Otolaryngol Head Neck Surg 1999; 
125: 1214-8. [Crossref]

2.	 Greene NT, Mattingly JK, Banakis Hartl RM, Tollin DJ, Cass SP. In-
tracochlear pressure transients during cochlear implant electrode 
insertion. Otol Neurotol 2016; 37: 1541-8. [Crossref]

3.	 Todt I, Mittmann M, Ernst A, Mittmann P. Comparison of the ef-
fects of four different cochlear implant electrodes on intra-co-
chlear pressure in a model. Acta Otolaryngol 2016: 1-7. [Crossref]

4.	 Todt I, Mittmann P, Ernst A. Intracochlear fluid pressure changes 
related to the insertional speed of a CI electrode. BioMed Research 
International 2014; 2014 (no pagination) (507241). [Crossref]

5.	 Todt I, Ernst A, Mittmann P. Effects of Different insertion tech-
niques of a cochlear implant electrode on the intracochlear pres-
sure. Audiology & neuro-otology 2016; 21: 30-7. [Crossref]

6.	 Todt I, Karimi D, Luger J, Ernst A, Mittmann P. postinsertional ca-
ble movements of cochlear implant electrodes and their effects 
on intracochlear pressure. Biomed Res Int 2016; 2016:3937196. 
[Crossref]

7.	 Puria S, Peake WT, Rosowski JJ. Sound-pressure measurements in 
the cochlear vestibule of human-cadaver ears. J Acoust Soc Am 
1997; 101: 2754-70. [Crossref]

8.	 Nadol JB, Jr., Burgess B. A study of postmortem autolysis in the hu-
man organ of Corti. J Comp Neurol 1985; 237: 333-42. [Crossref]

9.	 IBM Corp. Released 2015 IBM SPSS Statistics for Windows, Ver-
sion 230 Armonk, NY: IBM Corp.

10.	 Singh MK, O’Donnell C, Woodford NW. Progressive gas formation 
in a deceased person during mortuary storage demonstrated on 
computed tomography. Forensic Sci Med Pathol 2009; 5: 236-42. 
[Crossref]

11.	 Gebhart FT, Brogdon BG, Zech WD, Thali MJ, Germerott T. Gas 
at postmortem computed tomography--an evaluation of 73 
non-putrefied trauma and non-trauma cases. Forensic Sci Int 
2012; 222: 162-9. [Crossref]

12.	 Ravicz ME, Merchant SN, Rosowski JJ. Effect of freezing and 
thawing on stapes-cochlear input impedance in human temporal 
bones. Hear Res 2000; 150: 215-24. [Crossref]

13.	 Klop AC, Vester MEM, Colman KL, Ruijter JM, Van Rijn RR, Oostra 
RJ. The effect of repeated freeze-thaw cycles on human muscle 
tissue visualized by postmortem computed tomography (PMCT). 
Clin Anat 2017; 30: 799-804. [Crossref]

14.	 Panjabi MM, Krag M, Summers D, Videman T. Biomechanical 
time-tolerance of fresh cadaveric human spine specimens. J Or-
thop Res 1985; 3: 292-300. [Crossref]

15.	 Linde F, Sorensen HC. The effect of different storage methods on 
the mechanical properties of trabecular bone. J Biomech 1993; 
26: 1249-52. [Crossref]

16.	 Alhussaini MA, Banakis Hartl RM, Benichoux V, Tollin DJ, Jenkins 
HA, Greene NT. Intracochlear Pressures in Simulated Otitis Media 
With Effusion: A Temporal Bone Study. Otol Neurotol 2018; 39: 
e585-e92. [Crossref]

17.	 Nakajima HH, Dong W, Olson ES, Merchant SN, Ravicz ME, Ro-
sowski JJ. Differential intracochlear sound pressure measure-
ments in normal human temporal bones. J Assoc Res Otolaryngol 
2009; 10: 23-36. [Crossref]

80

Hydraulic pressure measurements in fresh frozen heads	 B-ENT 2021; 17(2): 75-80

https://doi.org/10.1001/archotol.125.11.1214
https://doi.org/10.1097/MAO.0000000000001232
https://doi.org/10.1155/2016/3937196
https://doi.org/10.1155/2014/507241
https://doi.org/10.1159/000442041
https://doi.org/10.1155/2016/3937196
https://doi.org/10.1121/1.418563
https://doi.org/10.1002/cne.902370305
https://doi.org/10.1007/s12024-009-9103-y
https://doi.org/10.1016/j.forsciint.2012.05.020
https://doi.org/10.1016/S0378-5955(00)00200-8
https://doi.org/10.1002/ca.22917
https://doi.org/10.1002/jor.1100030305
https://doi.org/10.1016/0021-9290(93)90072-M
https://doi.org/10.1097/MAO.0000000000001869
https://doi.org/10.1007/s10162-008-0150-y

