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Abstract

Hypothesis—We hypothesize that current clinical treatment strategies for the disarticulated or 

eroded incus have the effect of combining the incus and stapes of the human middle ear (ME) into 

one rigid structure, which, while capable of adequately transmitting lower-frequency sounds, fails 

for higher frequencies.

Background—ME damage causes conductive hearing loss (CHL) and while great progress has 

been made in repairing or reconstructing damaged MEs, the outcomes are often far from ideal.

Methods—Temporal bones (TBs) from human cadavers, a laser Doppler vibrometer (LDV) and a 

fiber-optic based micro-pressure sensor were used to characterize ME transmission under various 

ME conditions: normal; with a disarticulated incus; repaired using medical glue; or reconstructed 

using a partial ossicular replacement prosthesis (PORP).

Results—Repairing the disarticulated incus using medical glue, or replacing the incus using a 

commercial PORP, provided similar restoration of ME function including almost perfect function 

at frequencies below 4 kHz, but with more than a 20-dB loss at higher frequencies. Associated 

phase responses under these conditions sometimes varied and seemed dependent on the degree of 

coupling of the PORP to the remaining ME structure. A new ME-prosthesis design may be 

required to allow the stapes to move in three-dimensional space to correct this deficiency at higher 

frequencies.

Conclusions—Fixation of the incus to the stapes or ossicular reconstruction using a PORP 

limited the efficiency of sound transmission at high frequencies.
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Background

The middle ear (ME) is a small, complex three-dimensional (3D) mechanical system that 

collects energy from sound waves in the external ear canal, and passes this vibratory signal 

to the cochlea. The ME’s fundamental function is to provide an impedance match between 

the ear canal and the fluid filled cochlea, which results in a pressure gain to the incoming 

signal (1). Recent studies demonstrate that sound-evoked vibrations of the tympanic 

membrane (TM) and ossicular chain, consisting of the malleus, incus and stapes, are 

complex and highly frequency-dependent. At low frequencies, the TM moves in a simple in-

phase displacement pattern that precisely mimics the incoming acoustic signal, and the three 

ossicles move together as one ‘rigid’ body (2,3) in a simple rotational mode, about an 

anatomical axis defined by a line passing through the anterior process of the malleus and the 

short process of the incus (1). With increasing frequency, the TM and ossicle motions 

become more complex in that the TM’s vibration pattern breaks up into small zones that 

vibrate with different phases (4,5) and the ossicles lose their internal coherence and slippage 

occurs between them (6) as they exhibit rotations about axes that change in position during 

the vibratory cycle (7–12). In animal experiments (e.g., gerbil, cat), even deformation of the 

distal part of the malleus’ manubrium that attaches to the TM is observed at high frequencies 

of the animal’s hearing range (7,13). The stapes moves in 3D space with a linear piston-like 

movement at low frequencies and with additional rocking-like motions along the long and 

short axes of its footplate at higher frequencies (12,14,15). Understanding the complex 

motion of the ossicles and their corresponding importance to hearing is an ongoing area of 

ME research (14,16).

Any defect in the ME’s conduction system results in a reduction in the initial drive to the 

cochlea and can cause a hearing loss of up to 60–70 dB (17). While significant progress has 

been made towards restoring hearing by repairing or reconstructing the ossicular chain using 

either a partial or a total ossicular replacement prosthesis (PORP or TORP, respectively), the 

postoperative outcome varies and hearing is often far from ideal (18–20). To ideally restore 

hearing and optimize surgical approaches, a quantitative understanding of the performance 

of the repaired or reconstructed ME is required.

The current study focuses on advancing our understanding of the remaining conductive 

hearing loss (CHL) following surgical treatments aimed at repairing the incus and stapes 

with medical glue or reconstructing the ossicular chain using a PORP in human temporal 

bones (TB). ME transmission was characterized under both normal and pathological 

conditions by measuring both velocity at various points along the ossicular chain and 

pressures at the input and output of the ME system, i.e., at the TM close to the umbo and in 

scala vestibuli (SV) just behind the stapes, respectively. Our results suggest that while these 

treatments restored normal ME function at low frequencies, i.e., those <4 kHz, they failed to 

restore function at higher frequencies, where complex 3D motion along the ossicular chain 

may be important.

Dong et al. Page 2

Otol Neurotol. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods

Acoustic stimulation and data acquisition

Pure-tone stimuli from 200–20,000 Hz at 80 to 100 dB sound pressure level (SPLs in 

decibels re 20 μPa p-p) were digitally generated with a sampling frequency of 200 kHz using 

a commercial system [Tucker-Davis Technologies (TDT System III)] and delivered by a 

Fostex speaker. Stimulus-generation and data-acquisition software was written in Matlab 

(Mathworks, Natick, MA) and TDT’s Visual Design Studio (Tucker-Davis).

Temporal bone preparation

The study protocol was approved by the Institutional Review Board of the VA Loma Linda 

Healthcare System. The TB preparation and surgical approaches were similar to a previously 

published study (21) and are summarized here. Eleven human TBs contributed to the current 

study, and were removed from commercially available cadavers by a board-certified 

otologist (TTKJ) using the intracranial Schuknecht method (22) and frozen in saline (−20°C) 

immediately. Then, each TB was defrosted in a 4°C refrigerator overnight before the 

experimental day. The ME was visually checked for damage by the otologist using an 

operating microscope. The bony wall of the ear canal was shortened to a length of about 

0.5–1 cm. Then, a 3-mm diameter opening was made in the anterior wall of the ear canal and 

covered by a clear-glass window sealed with high vacuum grease (Dow Corning Corp) to 

allow the laser Doppler vibrometer (LDV, OFV-5000, Polytec) to be focused on the umbo in 

the direction of the stapes’ piston-like motion (23). The facial recess was opened for access 

to the middle and inner ear, and the stapedial tendon was severed to improve access to the 

area surrounding the footplate of the stapes. The TB was fixed with dental cement on a 

holder with a flexible joint allowing rotation of the preparation. In addition, the holder was 

positioned on a motor controlled XYZ stage that could move in 1 μm steps in 3D space and 

rotate ± 10° in two directions. After initial measurements of velocity responses along the 

ossicular chain, a 200–300 μm in diameter hole was made in the wall of the SV next to the 

stapes in order to introduce the micro-pressure sensor. The velocity phase at the round 

window membrane and stapes was measured before and after drilling the SV hole and 

introducing the micro-pressure sensor. A half-cycle difference between the two 

measurements verified the absence of air bubbles that might have been introduced during the 

freezing/thawing process or by the micro-pressure-sensor insertion. Preparations with 

abnormal phase relationships were excluded in data presentation. Saline was regularly 

sprayed onto the TB preparation to prevent changes to the ME measures due to the TB 

drying out.

Micro-pressure sensor

The design, construction, and calibration of the fiberoptic micro-pressure sensor has been 

described previously (24,25). The sensors used in the present study were 125 μm in outer 

diameter (26) and were calibrated individually in air before and after the measurements by 

comparing pressure responses to sound stimuli from 0.2 to 70 kHz measured by a well-

calibrated ultasound Sokolich probe tube microphone. The sensors operate linearly with a 

sensitivity of approximately −60 dB V for an 80 dB SPL stimuli and were flat to within a 

few decibels to at least 50 kHz.
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Experimental design

As shown in Fig. 1A, ME transmission was characterized by simultaneously measuring 

velocity responses of the stapes (Vstapes), pressure responses at the TM close to the umbo 

(PTM) and in SV next to the stapes (Pstapes) using LDV, a Sokolich probe tube microphone 

and a micro-pressure sensor, respectively, under both normal and pathological conditions, 

which included disarticulated incus and stapes, repair by either fixing the incus and stapes 

with medical glue or reconstruction of the ossicular chain with a PORP. The PORPs (ALTO 

Offset Titanium Partial Porthesis, P/N-650, Grace Medical) and medical glue (Otomimix 

Calcium Phoshate Bone Void Filler, Gyrus Acmi) used are commonly utilized in otologic 

surgical practice. The tip of the Sokolich probe-tube microphone was visually positioned as 

close as possible to the umbo and the micro-pressure sensor was introduced into the SV 

close to the stapes (27). Due to the limited working space around the stapes and the 

requirement to simultaneously measure Pstapes, stapes velocity was measured at an angle of 

~40°–60° relative to its piston-like motion direction, which was not corrected for because 

comparisons between normal and pathological conditions were performed within the same 

TB with the same approaches.

Data analysis

ME pressure gain (MEPG) and a local transfer function (LTF) of the ossicles were used to 

characterize ME transmission. MEPG is defined as the ratio of Pstapes to PTM while LTF is 

defined as the ratio of Vossicle to PTM. The group delay is defined as the negative slope of the 

phase-versus-frequency curve for either MEPG and LTF and was used to evaluate ME 

transmission times.

Controls

The fenestration for introducing the sensor into the SV was very close to the stapes footplate 

and sealing it with dental impression material (Jeltrade, L.D. Caulk Co.) was challenging 

and risked fixation of the footplate. Therefore, in eight out of eleven cases the hole was left 

open based on the results that (1) there was a maximum of ~4 dB difference at frequencies 

below 1.5 kHz in the average stapes LTF before and after the SV hole across 11 TBs (Fig. 

1B) and (2) MEPGs were similar for SV hole open (gray) and sealed (black) in a 

representative experiment (Fig. 1C) and the average MEPG variation of three TBs after 

sealing the hole appeared to be within 2 dB of their pre-sealed values across test frequencies 

(black line in Fig. 1D). In addition, the effects of preparation vibration was also 

demonstrated using average velocity responses from a random location on the TB, which 

were far less than stapes responses at frequencies below ~14 kHz but were similar at higher 

frequencies (dashed-gray in Fig. 1B).

RESULTS

Data from all eleven TBs contributed to the initial normal control LTF findings summarized 

in Fig. 1B while a subset of 8 TBs for which a half-cycle phase difference was present 

between the velocity responses of the stapes and the round window membrane and for which 

the micro-pressure-sensor stayed intact and stable throughout the experiment were used for 

the results summarized below. Responses under normal control conditions were taken as the 
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baseline measure for each TB, against which variations under various pathological 

conditions were referenced.

1. Middle-ear pressure gain under normal condition

Figure 2 illustrates the characteristics of MEPG under normal conditions. On average MEPG 

across eight TBs, peaked at 1 kHz, and then gradually decreased to result in a value of ~10 

± 5 dB up to about 12 kHz (black line in Fig. 2A). The average phase between 2–16 kHz 

appeared to vary linearly with frequency (black in Fig. 2B) and suggested a group delay of 

~75 μs calculated along a linear fit (thin line in Fig. 2B). Our results were consistent with 

published fresh TB data using similar surgical approaches to obtain MEPG measurements, 

but using a larger size micro-pressure sensor, 167 μm OD, with the SV hole sealed 

completely after sensor introduction [gray lines in Fig. 2 and (21)]. While the Nakajima 

phase data indicate a slightly longer group delay (steeper slope) this was likely due to the 

closer placement of the microphone probe tube to the umbo in the current study. These 

normal measures formed the baseline for the subsequent evaluation of ME sound 

transmission under pathological conditions.

2. Middle-ear transmission under pathological conditions

To characterize ME transmission under pathological conditions, both the stapes LTF and 

MEPG magnitude, phase and variation re: normal were plotted as a function of frequency 

for an individual TB (#25) in Fig. 3. Compared to ME transmission under normal control 

conditions (thick gray in Figs. 3A–B), disarticulation of the incus and stapes caused a 40 to 

60-dB loss at frequencies below ~10 kHz as evaluated by both LTF and MEPG measures 

(thin dotted in Figs. 3A–D). The smaller loss at higher frequencies for this condition might 

be contaminated by the vibration of the preparation as shown in Fig. 1B. Repairing the incus 

and stapes with medical glue restored stapes LTF and MEPG almost completely at 

frequencies below 2 kHz, but the corresponding higher frequency results appeared far from 

the normal, i.e., ~20 dB loss at 8 kHz (thin gray in Figs. 3A–D). In addition, under the 

repaired condition, the MEPG phase-vs-frequency curve appeared steeper than normal 

which suggested a longer transmission time (thin gray in Fig. 3F).

Reconstructing the ossicular chain using a PORP resulted in similar restoration outcomes. 

The PORP was connected to umbo and stapes as shown in the leftmost panel in Fig. 3. 

Initially the prosthesis was positioned at an angle of about 20–30° to the stapes’ piston-like 

motion (leftmost panel and thin dashed in Fig. 3). Under this condition the stapes LTF was 

similar to normal at frequencies below 2 kHz, and was ~20 dB smaller at higher frequencies 

(thin dashed in Fig 3C). When evaluated using MEPG, the loss was ~20 dB at frequencies 

below 3 kHz and ~40 dB at higher frequencies (thin dashed in Fig. 3D). The phase-versus-

frequency curves appeared to be not as smooth as in normal conditions (thin dashed in Figs. 

3E and F).

Adjusting the angle of the PORP to align with the stapes’ piston-like motion direction 

appeared to provide better restoration of ME output than the angled case (thick dashed in 

Fig. 3). The stapes LTF was similar to that measured under the normal condition except for a 

notch at ~5 kHz (thick dashed in Figs. 3A and C). The MEPG showed ~20 dB loss across 
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the frequency range (thick dashed in Figs. 3B and D). In addition, the phase-versus-

frequency curves of the stapes LTF and MEPG appeared to similar to the normal (thick 

dashed vs. gray in Figs. 3E and F), suggesting the ME transmission time was close to 

normal. Aligning the PORP along the piston-like motion direction appeared to improve the 

ME function above ~4 kHz. It is worth mentioning that in order to perform this adjustment, 

the PORP end connecting to the head of the stapes had to be enlarged, which resulted in it 

not being firmly connected to the head of the stapes. This loose connection might allow for 

more flexibility for the stapes to move in 3D space.

Figure 4 illustrates another example (TB #34) of ME function under pathological conditions. 

Compared to normal conditions (thick gray in Figs. 4A and B), disarticulating the incus and 

stapes produced a 40- to 60-dB loss in stapes LTF and MEPG (thin dotted in Figs. 4A–D). 

Repairing the incus and stapes using medical glue restored transmission below 1 kHz, 

however, the loss at higher frequencies was still notable, ~40 dB maximum (thin gray in 

Figs. 4A–D), and the transmission group delay appeared to be longer (thin gray in Figs. 4E 

and 4F). The incus was then replaced with a PORP, which was aligned with the piston-like 

motion direction of the stapes with the PORP head connecting to the manubrium (leftmost 

panel of Fig. 4). Performing a PORP replacement improved transmission by at least 40 dB at 

frequencies below 4 kHz (within 10 dB of normal), but left a difference of ~20-dB from the 

normal control condition at higher frequencies (black dashed in Figs. 4A–D). While the 

group delays under PORP conditions were similar to those under normal condition, the 

stapes LTF and MEPG phase-vs-frequency response showed about a 0.5-cycle shift at most 

frequencies (see double arrow in Figs. 4E and F), which is explained below.

Figure 5 illustrates the coupling of the PORP to the remaining ME structures using 

comparison of velocity phase responses measured at adjacent locations, i.e., at the PORP-

head vs. the umbo, or at the PORP-shoe vs. the stapes (white dots in the left panel), for the 

two TBs shown above. If the phase difference lines up with zero or one cycle, it suggests 

that the two locations moved together as one rigid body. For TB #25 (refer to Fig. 3), the 

PORP-head seemed to move together with the umbo at most of the frequencies, except at 6 

to 11 kHz (black line in Fig. 5A). The PORP-shoe moved in-phase with the stapes at 

frequencies below 2 kHz and above 7 kHz, and led the stapes from 2 to 7 kHz. The phase 

variations at both ends of the PORP suggested that at those frequencies the PORP did not 

move with the attaching structure as a rigid body, and was probably influenced by motion 

along other directions because the PORP-shoe was not firmly attached to the stapes. This 

explains the phases of stapes LTF and the MEPG in Figs. 3E and F. For TB #34, the PORP-

shoe moved together with the stapes at all frequencies (gray in Fig. 5B) indicating a firm 

attachment, however, a 0.5-cycle difference developed between the umbo and the PORP-

head at frequencies above 2 kHz (gray in Fig. 5A and recording locations in the left panel), 

which might suggest there was a kind of lever-motion occurring between the edge of the 

PORP-head relative to its center. The other points along the PORP worked as one rigid body 

(not shown), thus this 0.5-cycle difference seemed to account for the 0.5-cycle difference in 

the stapes LTF and MEPG presented in Figs. 4E and F.

Figure 6 summarizes ME transmission under pathological conditions evaluated by average 

stapes LTF (Fig. 6A), and average MEPG (Fig. 6B) across eight TBs. Repairing the incus 
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and stapes using medical glue restored ME transmission at frequencies below 4 kHz to 

within 10 dB on average, but was less effective at higher frequencies, leaving an ~20 dB loss 

(solid lines in Fig. 6A and 6B). Results of PORP reconstruction were ~5 dB worse than the 

repaired condition at frequencies below 1 kHz but provided similar results at other 

frequencies (dashed lines in Fig. 6A and 6B).

Discussion

The current study focused on characterizing ME transmission, under both normal control 

and pathological conditions. ME transmission was characterized by stapes LTF and MEPG 

with direct measurements of Vstapes, PTM and Pstapes. The manually induced pathological 

conditions allowed us to quantify ME transmission under disarticulated incus and stapes, 

repaired incus using medical glue and replaced incus using a commercial PORP conditions. 

ME transmission may vary for different TB conditions, e.g., cochlear input impedance has 

been found to be different for defrosted versus fresh TBs (28) and the main factor appeared 

to be air in the defrosted preparations. Air contamination was checked for in the current 

study by verifying a 0.5-cycle phase difference between the stapes and the round window 

membrane. In addition, the tendon of stapes had to be cut because of the simultaneous 

measurements of Vstapes and Pstapes which may have some effect on the stability of the 

stapes. The SV hole for introducing the micro-pressure senor was left open in most 

preparations. However, the MEPG was found to be similar to published results using fresh 

TBs with the SV hole completely sealed [Fig. 2 and (21)] and variation upon leaving the SV 

hole unsealed in stapes LTFs and MEPGs was small (Fig. 1). To reiterate, the evaluations of 

the repair and reconstructed ossicular chain were achieved internally within the same TB 

under the same conditions. Thus, the results should be valid for demonstrating changes in 

ME transmission due to pathological conditions.

The normal human ME provides pressure gain for frequencies from 200 Hz to 20 kHz, 

which is more effective at the lower frequencies (Fig. 2). In the current study, MEPG was 

directly measured by comparing Pstapes to PTM. Pstapes represented the output of ME 

pressure, which can also be considered as the dominant initial drive to the cochlea because 

the pressure at the round window side is close to zero, the atmospheric air pressure (21). 

Thus, Pstapes could be correlated with auditory brainstem response (ABR) results used 

clinically to evaluate the outcomes of ME repair or reconstruction.

Disarticulation of the incus from the stapes caused more than a 40-dB loss up to 14 kHz as 

evaluated by either stapes LTF or MEPG as illustrated in Figs. 3 and 4. The loss at higher 

frequencies was less, but this result might be contaminated by the vibration of the whole TB 

(Fig. 1B) even though the TB was glued to a holder using dental cement. This high 

frequency contamination may be lessened in future studies by positioning the TB on a 

cushion (based on verbal communication with HH Nakajima). Repairing the ossicles with 

surgical glue or reconstructing them using a PORP showed similar outcomes as illustrated in 

Figs. 3, 4 and 6, with restoration to within 5 to 10 dB at low frequencies (i.e., ≤~4 kHz) but 

left a loss of ~20 dB at the higher frequencies. In addition, the ME-transmission group delay 

did not always recover to baseline values measured under normal control conditions, which 

can be explained by the coupling of the PORP to remaining ME structures (Fig. 5). Our 
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results were consistent with clinical outcomes (18–20) and support PORP alignment along 

the stapes’ piston motion direction (Fig. 3) and connection of the PORP to the umbo (Figs. 

3, 4 and 5) so as to restore the transmission time.

The repair and reconstruction strategies used in the current study were designed to simulate 

those used in the clinic and resulted in a ‘rigid’ ossicular chain, which may limit complex 

motion along the ossicular chain, especially at the stapes. When the PORP was loosely 

coupled to the head of the stapes, the reconstruction of the ME transmission showed better 

restoration at high frequency regions (Fig. 3), consistent with the notion that the 3D motion 

of the stapes seems to be important for high frequency hearing (12,14,15). Thus, to ideally 

restore ME transmission, it may be necessary to develop an ossicular/PORP reconstruction 

device that mimics the normal 3D motion as closely as possible. The experimental design 

used in this study can be used to evaluate different or new ossicular prostheses designed to 

more accurately mimic complex ossicular chain motion.
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Figure 1. Experimental approach and control
A: Schematic of the experimental design for characterization of the ME system using a laser 

Doppler vibrometer, micro-pressure sensor and Sokolich probe-tube microphone. Velocity 

responses were measured along the ossicular chain, especially at the stapes while 

simultaneous pressure measurements were made at the tympanic membrane close to the 

umbo (PTM) and in scala vestibule next to the stapes (PStapes). B: Effects of the SV hole on 

stapes LTF. Black and gray solid lines stand for average stapes LTFs across 11 TBs under 

the condition of cochlea intact and after the SV hole was made. Corresponding thin-dotted 

lines represent ±1 standard diaviation. In addition, averaged velocity responses from 

sourrounding bone normalized to PTM together with ±1 standard diaviation were plotted as 

the gray dashed curve. C and D: effects of leaving SV hole unsealed on MEPG. C: Example 

from preparation of TB #30 demostrates MEPG under the condition of SV not sealed (solid 

gray line) or the SV fenestration sealed with Jeltrade (solid black line), respectively. D: 

MEPG variation upon slealing versus leaving the SV hole open. Thick line stands for 

average results across three individual TBs (thin lines). The maximum average variation of 

MEPG upon sealing the SV hole was ~2 dB. LTF: local transfer function; MEPG: middle 

ear pressure gain; PStapes: pressure in the SV next to the stapes; PTM: pressure at the TM 

close to the umbo; SV: scala vestibule; TM: tympanic membrane.
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Figure 2. MEPG under normal control conditions
A: Amplitude of MEPG defined as PStapes/PTM plotted in dB; B: phase of MEPG equals to 

PStapes referenced to PTM. Black solid and dotted lines equal the average value across eight 

TBs ±1 standard deviation. Gray lines in both plots indicate published average results of six 

fresh TBs measured with 167 μm OD micro-pressure sensor, using similar surgical 

approaches with the SV hole sealed (Nakajima et al., 2008).
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Figure 3. Stapes LTFs and MEPGs under normal and pathological conditions
A and B: amplitude of the stapes LTFs and MEPGs; (C and D) Variation of the stapes LTFs 

and MEPGs from normal condition; (E and F) phase of stapes LTFs and MEPGs. Figure 

legend at the bottom left. Micrograph panel at left side of figure shows the PORP placement 

at an angle, 20–30°, to the piston-like motion of the stapes (dotted lines). (TB #25)
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Figure 4. Stapes LTFs and MEPGs under normal and pathological conditions
A and B: amplitude of the stapes LTFs and MEPGs; (C and D) Variation of the stapes LTFs 

and MEPGs from normal condition; (E and F) phase of stapes LTFs and MEPGs. Double 

headed arrows indicate 0.5-cycle phase shifts (see Figure 5). Figure legend at the bottom 

left. Micrograph panel at left side of figure shows the PORP placement along the piston-like 

motion direction of the stapes (dotted lines). (TB #34)
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Fig. 5. Evaluation of PORP motion relative to the connecting ME structures
A: phase differrence of the umbo and PORP-head; B: phase difference of the stapes and 

PORP-shoe. Black and gray lines stand for TB #25 and #34, respectively.
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Figure 6. Outcomes of middle-ear repair or reconstruction
A: Mean differences ± 1 standard deviation of stapes LTFs from the normal-control 

condition. (averaged across eight temporal bones); B: Mean differences ± 1 standard 

deviation of MEPG from the normal-control condition. (averaged across eight temporal 

bones). Solid and dashed lines represent glued and PORP conditions, respectively.
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