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KEY POINTS

e The most commonly used clinical metric of hearing improvement after ossiculoplasty is
air-bone gap closure, with reduction to 20 dB or less accepted as good surgical outcome.

While tympanometry is a more readily available measure, wideband reflectance may pro-
vide a more detailed assessment of middle ear function before and after ossicular
reconstruction.

Postoperative hearing assessment is limited to a restricted frequency range (<4 kHz) due
to the frequency response of clinically-available bone conduction transducers. Develop-
ment of higher fidelity transducers is needed to more accurately characterize surgical
outcomes.

INTRODUCTION

While the motivation to pursue middle ear surgery is frequently related to establishing
a safe, dry ear due to the presence of chronic otitis media or cholesteatoma, a highly
prioritized secondary outcome is improvement in hearing. When the ossicular chain
requires reconstruction, ideal restoration of middle ear energy transformation to
address the impedance mismatch between the conduction of acoustic signal through
the air to the fluid-filled inner ear can be challenging. Compounding the task of precise
recapitulation of middle ear mechanics is the accurate measurement of hearing
changes before and after surgery. Here, we will review the basics of the audiometric
assessment of ossicular chain function, summarize clinical audiometric outcomes
associated with ossiculoplasty, and discuss the limitations of both the surgical tech-
nique and our ability to quantify ideal hearing outcomes.

AUDIOMETRIC ASSESSMENT OF THE OSSICULAR CHAIN

Critical to evaluating hearing outcomes for patients who undergo surgery on the ossic-
ular chain is a high-level of understanding of the basic principles of clinical audiometry.
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Abbreviations

PORP partial ossicular chain prosthesis
SRT  speech reception threshold
TORP total ossicular chain prosthesis

For most patients undergoing surgical reconstruction of the middle ear, a minimal pre-
operative assessment of hearing and middle ear function would include puretone air-
conduction and bone-conduction thresholds, speech audiometry, and immittance
testing.

Puretone Testing

Puretone air-conduction can be performed in the clinic with either insert or supra-aural
headphones reliably from 125 to 8000 Hz. Though the sensitivity for human hearing
extends beyond this range (20-20,000 Hz), routine measurement of ultrahigh fre-
quency thresholds has been historically sacrificed due to calibration challenges and
need for efficient assessment of the frequencies that contribute the highest percent-
age of content to speech signals. Increasingly more research has focused on the
possible importance of the ultrahigh frequencies to commonly experienced clinical
problems, such as understanding speech clearly in the presence of background
noise, " but routine clinical assessment remains focused on the more narrow range.

Bone-conduction thresholds are typically assessed with the use of a specialized
transducer; the most common clinical device is manufactured by RadioEar (Middelfart,
Denmark). Due to the need to generate high levels of force at a reliably consistent output,
the frequency response of the transducer is restricted even more than air conduction,
typically ranging from 125 or 250 to 4000 Hz. Calibration requirements also restrict trans-
ducer output limit to a maximum of between 50 and 90 dB HL, depending on frequency.

When considering middle ear pathology, which often results in conductive hearing
impairment, the outcome metric of high interest is the air-bone gap. This value is
calculated as the difference between the air-conducted and bone-conducted thresh-
olds at a given frequency, reflects that magnitude of the pathologic effect on hearing,
and quantifies the maximum benefit that can be gained from an optimal surgical
outcome; resolution or closure of the air-bone gap is the goal of most ossicular chain
procedures. Audiometric findings for a patient with conductive hearing loss due to
ossicular discontinuity are illustrated in Fig. 1.

Speech Testing

Both threshold speech reception and suprathreshold speech discrimination testing is
typically completed as part of a comprehensive audiometric evaluation of any patient
planning to undergo middle ear surgery. The speech reception threshold (SRT) should
be consistent with the puretone average of air-conduction thresholds measured at
500, 1000, and 2000 Hz. The word recognition score is calculated as a percentage
of correctly repeated monosyllabic words presented at an audible level, typically
about 30 to 40 dB above an individual’s SRT. For the vast majority of conductive pa-
thology, as long as the stimuli are able to be presented at an audible level, discrimina-
tion remains highly preserved. Speech testing outcomes are reported clinically, but
frequently not considered in research publications.

Immittance Battery

Consisting of a speaker, microphone, pressure pump, and manometer, the immit-
tance probe has the ability to characterize several aspects of middle ear function. A
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Fig. 1. Audiogram from a patient with absent lateral ossicular chain and intact tympanic
membrane. There is a mild sloping to severe conductive hearing loss in the right ear and
hearing sensitivity within normal limits in the left ear. The air-bone gap is apparent across
frequency: 40 dB at 250 Hz, 35 dB at 500 Hz, 40 dB at 1000 Hz, 30 dB at 2000 Hz, and 50 dB at
4000 Hz.

tympanogram estimates static admittance of acoustic energy (226 Hz probe tone) to
the middle ear as the ear canal is pressurized from —400 to 4200 daPa. A normal (type
A) pattern is characterized by the greatest amount of energy transmission through the
middle ear near atmospheric pressure (0 daPa). If there is a significant accumulation of
negative pressure in the middle ear, the tympanogram will reflect the shift in point of
highest efficiency of acoustic energy transmission with a peak below —150 daPa
(type C). When there is no change in admittance across pressure, the pattern is flat
and labeled as type B.

Ear canal volume is also estimated during tympanometry. When the ear canal is
pressurized to +200 daPa, it is assumed that the middle ear system is infinitely stiff
and the tympanic membrane reflects all presented acoustic energy, with resulting
immittance attributed to the volume of air in the ear canal alone. For a probe tone of
226 Hz, a static admittance of 1 mmho is considered equal to about 1 cc of air, so
the volume of air in the ear canal between the probe and the eardrum is estimated
as the static admittance measured at +200 daPa. When coupled with the tympano-
gram, the ear canal volume can provide meaningful information regarding the etiology
of conductive impairment. If a type B tympanogram is accompanied by a normal ear
canal volume, the tympanic membrane is assumed to be intact. A lower than antici-
pated volume can suggest an obstruction in the external meatus, such as impacted
cerumen, while a higher than anticipated volumes imply a perforation in the tympanic
membrane or otherwise surgically enlarged ear canal.

Acoustic reflexes and reflex decay can also be measured with the immittance
bridge. To measure an acoustic reflex, the ear canal is pressurized to the level at which
the peak admittance was observed on tympanometry. A second, high-intensity tone
(or broadband noise stimulus) is presented, and an acoustic reflex is observed with
a decrease in peak admittance of at least 0.2 mmho. The lowest stimulus to elicit
this change is recorded as the reflex threshold. Reflexes can be elicited in an ipsilateral
configuration (stimuli presentation and admittance measurement made in the same
ear) or a contralateral configuration (stimuli presentation in one ear and admittance
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measurement made in the other). Reflex decay measures the ability of the middle ear
to sustain decreased admittance over time. A 10 second high-intensity stimulus tone
is played above the established acoustic reflex threshold, and the admittance change
is monitored over time. Reduction of change from baseline to less than 50% before
5 seconds is considered positive for reflex decay. While acoustic reflexes have histor-
ically been considered in the assessment of retrocochlear pathology, reflex patterns
can also provide important adjuvant information in the assessment of conductive
hearing loss. Specifically, increasing attention has been paid to the use of acoustic re-
flex testing in differentiating between otosclerosis and superior semicircular canal
dehiscence —both pathologies that can result in conductive hearing impairment with
normal tympanometric findings with absent reflexes in the former and intact reflexes
in the later.

Middle Ear Reflectance

Traditional tympanometry is limited as it measured the relative reflected energy at a
single frequency only (226 Hz in adults, 1000 Hz in pediatrics). Broadband stimuli,
such as acoustic clicks, can be employed to measure wideband reflectance, which al-
lows for characterization of middle ear function across the frequency spectrum.®*
Wideband measures highlight the influence of middle ear pathology on energy trans-
mission across the audiometric frequency spectrum. Single-frequency tympanometry
might demonstrate subtle changes between causes of conductive hearing loss, but
the wideband measures have the opportunity to reinforce and explain the audiometric
shifts seen as a result of the underlying pathology® (Fig. 2). As clinical use of wideband
testing expands, the opportunity for a more detailed and nuanced understanding of
normal changes to acoustic transmission during typical development as well as the
impact of various pathology has the potential to advance our assessment of both
ossicular disease and our operative repairs.

AUDIOMETRIC OUTCOMES IN OSSICULOPLASTY

The most commonly reported audiologic metric employed to evaluate the effective-
ness of ossicular chain reconstructive surgery is degree of closure of the air-bone
gap. Based on limitations of audiometric testing and test-retest reliability, improve-
ment of the air-conduction threshold to less than or equal to 10 dB of the bone-
conduction threshold would reflect improvement that is clinically indistinguishable
from normal hearing sensitivity, even if a small sensitivity difference remains. Given
the test-retest tolerance, much of the literature considers a persistent air-bone gap
of 15 to 20 dB following ossicular chain reconstruction or stapedectomy to be a
good surgical outcome.

When evaluating hearing outcomes for middle ear reconstructive surgery, several
factors should be considered when establishing expectations for audiometric out-
comes. A nuanced understanding of middle ear mechanics is critical for predicting
the energy transmission changes across frequency. A surgical reconstruction that re-
quires greater manipulation of normal anatomic structures would be less likely to result
in complete normalization of hearing in the affected ear. For example, both institution-
level investigations and meta-analyses support the greater likelihood of air-bone gap
closure when using a partial compared to a total prosthesis.®®

Bone Cement Ossiculoplasty

In specific cases, chronic retraction or a small cholesteatoma may result in
minimal bony erosion, frequently of the incudostapedial joint. For these presentations,
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Fig. 2. Wideband absorbance pattern (3 dimensional and 2 dimensional plot) of one of the
participants in each group (control, otosclerosis, and ossicular chain discontinuity). (From
Karuppannan A, Barman A. Wideband absorbance pattern in adults with otosclerosis and
ossicular chain discontinuity. Auris Nasus Larynx 2021;48(4):583-89. https://doi.org/10.1016/
j.anl.2020.10.019. Epub 2020 Nov 11. PMID: 33187789.)

re-establishment of ossicular continuity has been achieved with the local placement of
bone cement over the affected joint (Fig. 3). For patients undergoing incudostapedial
rebridging ossiculoplasty with cement, a review of 40 patients at a single institution
revealed an average reduction in air-bone gap from 27.65 dB to 19.65 dB.° Other
studies have shown successful results (air-bone gap closure to < 20 dB) in 60%
to 94% of patients undergoing bone cement repair of the incudostapedial joint, %3
supporting its reliability for this indication.

Bone cement has also been successfully employed in revision stapes surgery to
address incus erosion resulting in suboptimal couple of the prosthesis to the lateral
chain. While one systematic review and meta-analysis suggested a slight benefit of
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Fig. 3. Intraoperative photo from bone cement ossiculoplasty. Erosion of the incus long pro-
cess is visible on the left panel. Reconstitution of the incudostapedial joint with bone
cement can be seen on the right panel.

bone cement techniques over autologous grafts and prostheses with an odds ratio of
2.81 and a wide confidence interval of 1.04 to 7.61,"* a similar review found no statis-
tically significant benefit of bone cement over other techniques for both ossicular chain
reconstruction and stapes revision surgery.'® Though both investigations admit a high
likelihood of bias in retrospective review, particularly with regards to patients selected
for one intervention over the other, bone cement ossiculoplasty is likely at least non-
inferior for audiometric outcomes when compared with other techniques.

Nonprosthetic Reconstruction

Autologous graft material used for ossiculoplasty may include a variety of materials,
including calvarial bone, repurposed ossicles, cartilage, perichondrium, temporalis
fascia, or fat. These materials may be used in isolation, or to support a synthetic pros-
thesis, such as a cartilage cap over a titanium prosthetic head. Most investigation of
audiometric outcomes for these materials consider the use of autologous material
alone versus synthetic prosthetics or a combination of synthetic materials supported
by autografts. Some individual retrospective investigations have concluded superior-
ity of air-bone gap closure with the use of autologous incus interposition compared
with titanium prosthesis, with a greater percentage of patients achieving air-bone
gap closure for autograft’®'”; however, most larger studies show similar outcomes
for both graft types for patients with chronic otitis media,®'®'° cholesteatoma,’® or
history of temporal bone fracture.?® Regardless of audiometric outcome, multiple
studies discuss the superiority of autograft material with regards to decreased post-
operative complication and prosthetic extrusion.'617:1°

Ossicular Chain Reconstruction with Synthetic Materials

Synthetic prostheses for ossicular chain reconstruction fall into 2 broad categories:
partial ossicular chain prosthesis (PORP) or total ossicular chain prosthesis (TORP).
While several different variations in structure have been designed over the ears and
different materials have been utilized (including titanium, Teflon, hydroxyapatite, and
alloys such as nickel-titanium or nitinol), most studies reporting audiometric outcomes
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group synthetic prostheses into these 2 broad groups. Several meta-analyses have
demonstrated greater improvement in air-bone gaps with PORP compared to
TORP, suggesting that the status of stapes superstructure is crucial in predicting hear-
ing outcome.®”2! In a larger review, these differences remained significant, even
when surgery type (canal wall intact vs canal wall down), prosthesis material, and
follow-up time were considered.?’ Smaller studies have investigated other factors,
such as the use of a footplate shoe to improve coupling to the stapes footplate®® or
the use of a TORP with an intact stapes superstructure with otherwise challenging
anatomy precluding use of a PORP.?® Results contradict the generalized findings of
the larger meta-analyses, suggesting there may be methods to further optimize audio-
metric outcomes when a TORP is indicated. Indeed, closer examination of human
ossicular morphology reveals substantial differences not only between individual pa-
tients but also within individuals between ears, suggesting the possible opportunity to
further optimize hearing outcomes with individually customized prosthetics in the
future.?*

AUDIOMETRIC OUTCOME LIMITATIONS
Mechanical Limitations

A crucial limitation when considering the optimization of ossiculoplasty is the chal-
lenge of recreating the complex mechanics of middle ear sounds transmission. While
low-frequency vibration of the tympanic membrane, ossicular chain, and oval window
is able to be characterized primarily by piston-like energy transmission, above 2 kHz,
this simple, single-dimensional model begins to break down. Research has demon-
strated the complex vibratory patterns of the tympanic membrane, during which
high-frequency stimulation results in complex modal motion, rather than the synchro-
nized, piston-like movement observed at low frequencies. Additionally, the movement
of the stapes footplate includes both piston-like and rocking movement patterns with
higher frequency stimulation.?®

Commercially available stapes prostheses rely on a wire or piston (compared with
the much broader footplate) to transmit lateral ossicular vibration to the inner ear,
and the more complex rocking motion of the footplate is sacrificed.?®2” Lateral ossic-
ular chain reconstruction will forgo the level mechanism of the malleus and incus; ul-
timately impacting the stiffness of the transmission system.?® These types of changes
impact the frequency response of the ossicular transformation function and result in
complex changes to hearing sensitivity, even under ideal surgical conditions. When
the ultimate goal of ossiculoplasty is restoration of normal or preoperative hearing,
the challenge of this goal becomes more broadly apparent when the mechanical fac-
tors are taken into consideration.

Assessment Limitations

Re-establishment of normal acoustic transmission through the middle ear and normal
hearing is further constrained by limitations in standard clinical audiometry. Ultrahigh
frequency air-conduction thresholds (above 8 kHz) are not routinely assessed despite
hearing sensitivity extending up to 20 kHz. Though the most crucial frequencies for un-
derstanding human speech fall within the range of standard clinical tests, data have
suggested its importance in optimizing understanding of speech in the presence of
background noise. "+

Perhaps even more importantly, conventional testing equipment limits bone con-
duction testing to a maximum of only 4 kHz.?®*° The presence of persistent air-
bone gaps following ossicular chain reconstructive surgery can only be assessed
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reliably for the low-frequency and midfrequency range, and as a result, any postoper-
ative changes in air-conduction sensitivity from 6 to 8 kHz cannot be clearly delineated
as conductive or sensorineural in nature on standard audiometry. Though the use is
limited primarily to research settings, bone conduction testing above 4 kHz has
been investigated to better evaluate the audiometric outcomes of middle ear sur-
gery.®'=22 High-frequency (> 4 kHz) conductive hearing loss and its subsequent recov-
ery after bone cement ossiculoplasty has been documented in a small cohort of
patients,** demonstrating the potential for future improvement in audiometric assess-
ment of patients undergoing ossicular chain reconstructive surgery.

SUMMARY

When evaluating hearing outcomes following surgery on the ossicular chain, the most
commonly cited metric of improvement is closure of the air-bone gap; general
consensus throughout the literature suggests that reduction to 20 dB or less is consid-
ered a successful procedure. It is crucial to keep in mind the limitations of ossiculo-
plasty in our current capability to truly restore normal middle ear mechanics and the
resulting transmission of sound energy to the inner ear, as well as our inability to char-
acterize air-bone gaps at frequencies above 4 kHz. Moving into the future, critical
evaluation and research development in these areas has the potential to allow further
optimization of hearing after ossicular chain surgery.

CLINICS CARE POINTS

e The most widely accepted clinical goal in audiometric outcomes for successful ossiculoplasty
is an air-bone gap closure of 15 or less to 20 dB.

Better characterization of high-frequency (<4000 Hz) air-bone gap may help clinicians better
understand the functional outcomes and limitations of surgery.

e Autologous and prosthetic materials have not been shown to have significantly different
outcomes with regards to postoperative air-bone gap closure; however, autograft materials
may be associated with fewer complications.

A nuanced understanding of the complex impact of ossiculoplasty on middle ear mechanics is
critical to inform patients regarding the practical expected benefits and limitations of
postoperative hearing restoration.
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