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Abstract
Introduction
Hearing loss following middle ear surgery is an important issue because it is common,
is detrimental to patients, and may be preventable. Patients are often told the risk of inner ear
hearing loss following middle ear surgery is low, however, not all publications qualify this
loss in the same way, and some use more sensitive indicators than others. Most of these losses
are permanent and compound other hearing losses, such as from aging. In addition to hearing,
balance is often also affected. This harm caused by surgery is poorly understood, but is likely
to be due to a combination of noise- and force-related factors. Strategies to minimise the noise
and force trauma of middle ear surgery offer hope to decrease the morbidity of these
operations.

Aims
1.

To review the incidence of postoperative sensorineural hearing loss (POSNHL)
locally

2.

To examine the significance of this inner ear harm on patients’ quality of life
(QoL)

3.

To prospectively investigate the effects of middle ear surgery on inner ear hearing
and balance function

4.

To measure the key forces of middle ear surgery

Methodology
A retrospective review of sensorineural function in patients undergoing middle ear
surgery from 1998 to 2009 in Christchurch was undertaken with a >10 dB at 4 kHz bone
conduction marker of POSNHL.
The Glasgow Benefit Inventory was sent to all patients identified in the retrospective
review who had a complete sensorineural assessment.
Patients having middle ear surgery were enrolled in a study to measure extended high
frequency (EHF) audiometry, and vestibular-evoked myogenic potentials (VEMP)
perioperatively.
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A miniature sensor was incorporated into modified microscope instruments to measure
the forces required for ossicular palpation, prosthesis placement and destructive procedures
which may be part of a patient’s surgery, the forces of which are transmitted to the inner ear.

Results
834 (36.5%) patients had complete sensorineural function tests perioperatively, and
sixty nine (8.3%) sustained a POSNHL. Lower rates were found in revision surgery, higher
rates were seen with trainee surgeons.
303 (34.9%) QoL questionnaires were returned and there was a very low correlation
between POSNHL and QoL (p=0.09). There was, however, a significant association with airconduction audiometry and QoL (p<0.0001) and this was echoed in patients’ comments
which noted hearing outcome to be the most important predictor of QoL.
Fourteen patients had complete EHF audiometry, and five (31.3%) had a POSNHL >10
dB. Only two cases out of sixteen were detected with a 4 kHz POSNHL criterion. VEMP was
not useful for noting vestibular harm following surgery.
Force measurements were made on six cadaveric temporal bones and nineteen live
patients. In general, less force was required the closer palpation was to the stapes, and more
force was required for cadaveric bones. Trainees used more force than consultant surgeons.

Significance
Postoperative inner ear harm exists and is much more common than is generally quoted.
Hearing is the most important outcome for patients having middle ear surgery, and so efforts
to optimise this outcome and decrease complications should be encouraged.
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CHAPTER 1 Introduction
Primum non nocere. First do no harm. This is one of the fundamental ethical principles
introduced to medical practitioners from early in their training. While this basic tenant of
nonmaleficence is balanced with other ethical considerations such as beneficence, justice and
autonomy, it retains a position of significant importance when practitioners treat patients.
Surgery offers particular challenges in the art of doing no harm. All surgical procedures have
complications, and these are appropriately discussed with the patient prior to surgery as an
essential part of informed consent. Complications invariably occur and are quantified by
review and comparison with peers, to see whether the frequency and magnitude of harm are
within limits deemed acceptable. If not, then further investigation is warranted to find out why
not, and what could be done to improve. Even if undesirable outcomes are no more frequent
than elsewhere, the onus is still on the surgeon to improve outcomes by decreasing harm.
In otological surgery, two key areas for care and consideration are preservation of
cochlear and vestibular function. These collectively represent the postoperative function of
the inner ear. In all operations best surgical practice demands that if a procedure is to be
performed then steps should be taken to minimise the risk of harm.
This thesis aims to explore the harm to the inner ear caused primarily by middle ear
surgery. No attempt is made to investigate external ear or skull base surgery or any procedure
involving the sound pathway proximal to the cochlea such as vestibulocochlear nerve or
brainstem procedures. This limitation was chosen as special attention to manipulation of the
middle ear structures had been identified as a potential area of intervention for decreasing
inner ear harm.
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1.1

Anatomy Overview

Figure 1 Anatomy of the middle and inner ear (used with permission)

The external ear consists of the pinna (auricle), the external acoustic meatus and canal
(EAC), the medial end of which is bounded by the tympanic membrane (TM) (Figure 1). The
middle ear is medial to the TM and lateral to the labyrinth, which contains the inner ear
structures. The TM margins divide the middle ear into the hypotympanum below the lower
boundary of the TM, the epitympanum above the upper TM attachment, with the
mesotympanum in between. The TM has the handle of the malleus embedded within it, with
the body and head of the malleus and its synovial articulation with the incus housed in the
epitympanum. The long process of the incus projects back down into the mesotympanum and
articulates with the stapes at another synovial joint, the incudostapedial joint (ISJ). These
bones are collectively known as the ossicles. The middle ear also contains the opening of the
auditory (Eustachian) tube anteriorly and is continuous with the mastoid air cells at the aditus
ad antrum posteriorly. Other structures present in the middle ear include the chorda tympani
nerve supplying taste to the anterior two thirds of the tongue, the facial nerve, and the tensor
tympani and stapedius muscles.
The inner ear consists of a series of connected cavities known as the bony labyrinth and
lies within the petrous apex of temporal bone. This bony labyrinth has a membranous
labyrinth within it with perilymph between the two labyrinths. The membranous labyrinth is
2

in turn filled with endolymph. Anterior in the labyrinth is the cochlea which transduces
mechanical to electrochemical energy for the neural transmission of sound. The cochlea is
broad at base, narrowing after two and three quarter turns to the apex. The core of the cochlea
is the modiolus which has the osseus spiral lamina extending out laterally, attaching to the
membranous labyrinth as it spirals up.
In the cochlea, the membranous labyrinth is affixed laterally to the wall of bony
labyrinth by the spiral ligament and medially to the osseus spiral lamina. These membranous
attachments divide the perilymph into the scala vestibuli above Reissners membrane, and the
scala tympani below the basilar membrane. The endolymph in between these membranes is
known as the scala media. The scala vestibuli and scala tympani communicate at the
helicotrema in the apex of the cochlea where the membranous labyrinth ends. The stria
vascularis on the lateral wall of the membranous labyrinth mediates the scala media's special
environment, which is important for the biochemical transduction of sound.
The Organ of Corti is the sensory organ of hearing and runs longitudinally throughout
the length of the basilar membrane. A single unit is comprised of one inner and several outer
hair cells, bounded on top by the tectorial membrane which is in turn connected to the spiral
limbus on the osseus spiral lamina. The inner hair cells transduce movement of the basilar
membrane to electrochemical stimulation of the cochlear nerve by having mechanically gated
cation channels which open and allow an influx of potassium from the endolymph when the
stereocilia between the hair cell and the tectorial membrane are deflected. This decreases the
resting membrane potential of the hair cell allowing further cation influx which in turn
depolarises the cell.
Cochlear neurones are bipolar cells with their cell body residing in the spiral ganglion,
and one process perforating the osseus spiral lamina and innervating the Organ of Corti, and
the other process projecting to the cochlear nucleus in the brainstem via the internal auditory
canal. The cochlear blood supply is derived from the basilar artery via the anterior inferior
cerebellar and labyrinthine arteries. From here the vestibulocochlear artery supplies three
quarters of the basal turn of the cochlea, and the proper cochlear artery supplies the remaining
cochlea. Specifically, the cochlear ramus artery supplies the remaining basal turn and the base
of the modiolus, and the main cochlear artery supplies the upper basal, mid and apical
modiolus. In the modiolus the artery branches into external and internal radiating arterioles
which supply the lateral and medial regions of the cochlea respectively.
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Posteriorly in the labyrinth is the vestibular component of the inner ear, consisting of
both static and dynamic force sensors. The utricle and saccule are known as the otolithic
organs and are primarily influenced by linear acceleration in horizontal and vertical planes
respectively. These otolithic organs lie between the cochlea and the semicircular canals
(SCC). The otolithic sensory unit is known as the macula and is comprised of
neuroepithelium on the membranous labyrinth with hair cells which project into a gelatinous
structure called the otolithic membrane. This membrane has otoconia within it which give the
membrane a higher specific gravity than the surrounding endolymph. As with the cochlea, the
hair cells are the primary vestibular transducers of force into electrochemical signals with
depolarisation following stereocilia deflection and the subsequent opening of mechanically
gated cation channels.
The semicircular canals are angular velocity sensors and are influenced by the rotational
inertia of head movement. Each ear has three SCCs oriented in planes roughly orthogonal to
each other. These are the lateral (horizontal), posterior and superior (anterior) canals and each
is maximally sensitive to rotation in its own plane. The dilated blind end of the SCC is the
ampulla, within which is the sensory neuroepithelium of the crista. Analogous with the
macula, the cristae has hair cells which project into a gelatinous mass known as the cupula,
but unlike the maculae, the cupula has about the same specific gravity as endolymph. The
stereocilia and microvilli on the hair cells are arranged in a staircase alignment with a single
off-centre kinocilium located towards one edge of the cell. This gives the cristae hair cells a
polarity and in contrast to the maculae, the cristae polarity is all in the same direction. This
means that when endolymph inertia deflects the cupula in one canal, all the hair cells of that
cristae will be stimulated.
The vestibular ganglion of the vestibulocochlear nerve has superior and inferior portions
which supply the vestibule. The superior nerve supplies the superior and horizontal
semicircular crista as well as the utriclar macula. The inferior nerve supplies the posterior
crista and saccular macula. Blood supply is via the labyrinthine artery which branches into the
anterior labyrinthine and the common cochlear arteries. The former supplies the superior and
horizontal semicircular canals and utricle, and the latter divides into the proper cochlear and
vestibulocochlear arteries. The vestibulocochlear artery then gives off a cochlear branch and
the posterior vestibular branch supplies the saccule and posterior SCC.
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The labyrinth has several communications with surrounding structures. The oval
window is the communication with the stapes at the vestibule. At the basal end of the cochlea,
at the end of the scala tympani, is the round window which again communicates with the
middle ear. The cochlear aqueduct, also at basal turn, communicates perilymph with cerebrospinal fluid in the sub-arachnoid space of the posterior fossa of the skull. The vestibular
aqueduct connects the endolymph of the membranous labyrinth to the endolymphatic duct and
sac.

1.2

Hearing Overview

Sound is conducted through air to the pinna which focuses sound, analogous to a radar
dish, before channelling it down the EAC. The impedance of air at room temperature is 415
Pa.s.m-3,1 and when sound travelling in air meets the higher impedance of water at 1.5
MPa.s.m-3,1 similar to the labyrinth, most of the acoustic energy is either reflected or absorbed
and not transmitted to the inner ear because of this impedance mismatch. For sound to be
conducted through to the fluid filled inner ear, a coupling system must match these different
impedances of air and water. This is achieved with the middle ear transformer mechanism.
The middle ear transformer mechanism consists of the TM and the ossicles. Acoustic
energy in air strikes the TM which ordinarily has air on both sides of it and is free to vibrate.
This TM vibration is coupled to the handle of the malleus which is embedded within the TM,
and is in turn transmitted to the incus at the incudomalleal joint. Vibrations of the incus are
transmitted to the stapes at the ISJ and it is vibration of the stapes footplate which transmits
acoustic energy to the inner ear. Across this ossicular chain, the distances between the
articulating processes produce a lever effect which amplifies sound energy. Even more
amplification is achieved by the matching of the relatively large surface area of the TM with
the smaller stapes footplate. The combined effect of this middle ear amplifier is
approximately 40 dB.2
The stapes footplate vibration transmits a fluid wave impulse to the cochlea by setting
up a travelling wave in the perilymph which propagates down to the Organ of Corti on the
basilar membrane. Because different frequencies of standing wave have different points of
maximal resonance, the cochlea is tonotopically mapped3 with high frequency transduction
occurring the in the basal portion and low frequencies mapped to the apical regions of the
cochlea.
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Hearing is quantified by audiometric testing and hearing thresholds are reported in
decibels (dB). As implied, a decibel is one tenth of a Bel. A Bel is the base ten logarithm of
the ratio between two power quantities, but is a unit which is not commonly used. A ratio in
decibels therefore is ten times the logarithm to base ten of the ratio between two power
quantities.4 The decibel is used in fields outside of acoustics as well, and so the abbreviation
dB is generally followed by a suffix which indicates which standard or reference is being
compared. Decibel sound pressure level (dB SPL) is the log-ratio relative to a reference point
of 20 µPa of sound pressure, considered to be the lowest perceivable intensity of sound.5 As
the ear is not uniformly sensitive to all frequencies, this reference level is based on a
sinusoidal waveform at 1 kHz. Decibel hearing level (dB HL) is an audiometric term and
indicates the degree of hearing loss. The reference level is different for different frequencies,
so that the audiogram shows deviation from what is accepted as standard hearing. Any such
hearing tests rely on skilled testers and cooperative patients and so do not represent an
infallible assessment.
In pure tone audiometry, air conduction (AC) is measured by presenting sound to the
external ear and measuring the hearing response at different frequencies and intensities of
sound. Any interruption to the transmission of sound from the outside world to the cochlea
produces a conductive hearing loss (CHL). If the underlying hearing reserve of the inner ear is
normal, when the circumstances producing the CHL are corrected then hearing may likewise
return to normal. Conversely, if there is impairment in the cochlea, or the nerve and neural
structures which transmit sound are damaged, then a sensorineural hearing loss (SNHL)
results and hearing cannot be returned to normal. Sensorineural hearing can be measured
when sound bypasses the external and middle ear and is vibrated directly through the bone of
the skull to the cochlea. In health, AC is much more sensitive than bone conduction (BC) due
to the middle ear transformer mechanism described above.
A fall in BC is one way of determining a SNHL. There are, however, some instances
where BC may not be an accurate representation of underlying cochlear reserve. In these
cases the Speech Reception Threshold (SRT), or threshold at which words are understood, is a
useful measure.6 Unfortunately the SRT is not as sensitive to cochlear injury as BC, 6 which
makes comparisons difficult.
An air-bone gap (ABG) exists when AC threholds are higher than BC, and this
represents a CHL. If an ABG is also present in the presence of a SNHL, then this is termed a
mixed hearing loss. Much of middle ear surgery is directed at addressing this ABG and
6

improved hearing would be an expected outcome. Underlying CHL pathology may be due to
a perforation of the TM, fluid or other material in the middle ear, or impaired ossicular
continuity or mobility. When an ABG is closed by surgery a postoperative sensorineural
hearing loss (POSNHL) may not be noticed by patients. As long as the AC is improves from
preoperatively, patients will feel their hearing has improved. This may be despite BC
deteriorating alongside their ABG closure.
One of the central themes of this thesis is that surgery to repair the middle ear
transformer mechanism, and thereby treat a CHL, may induce a POSNHL. Surgical
complications which give rise to a POSNHL are often permanent, but it is not uncommon to
note a temporary threshold shift (TTS) postoperatively which may recover weeks to months
later.7-17 How middle ear surgery adversely affects inner ear function is not well understood.
In section 2.4.2 some of these possible aetiologies are explored, and later in the thesis
particular attention is paid to the relatively large forces involved with middle ear surgery and
how transmission of these to the inner ear may account for a POSNHL.
1.2.1

High-frequency Audiometry

Just as the cochlea is not uniformly sensitive to hearing across all frequencies, neither is
it uniformly sensitive to insult.18 In particular, it is apparent that the high and extended high
frequencies (EHF) up to 20 kilohertz (kHz) are more trauma sensitive than the lower
frequencies such as conversational speech between 0.5 – 2 kHz.19 Traditionally, only these
lower frequencies were reviewed postoperatively, as it is in this range that conversational
speech is heard. However, even on these conventional audiograms the higher frequencies of 3
- 4 kHz could show a postoperative loss not seen at the lower frequencies.18, 20-24 This was
analogous to noise induced hearing loss (NIHL) which similarly shows a 4 kHz high
frequency loss not seen at lower frequencies.25 Cisplatin ototoxicity,26 and presbyacusis27 both
also show a sloping deterioration in high-frequency hearing.
With the advent of EHF audiometry frequencies up to 20 kHz may be tested.28 This is
primarily an AC test, but EHF BC testing is also now possible. Investigators found that the
higher the measured frequency the more likely it was to show a SNHL following surgical
interventions.10, 29-30 These ultra-high frequencies provide a sensitive measure of sensorineural
impairment which is important when evaluating interventions to reduce POSNHL.
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In addition to being a marker of POSNHL, high-frequency hearing loss is important to
patients. High-frequency hearing is required for normal speech discrimination and the
temporal integration of sound.31-35 Doyle and Woodham noted that despite improved
postoperative AC at lower frequencies, only sixty three percent of patients reported improved
speech perception.36
Why high-frequency hearing should be more sensitive to insult may relate to the
topography of the cochlea. The spiral ganglion cells of the cochlea nerve detect different
frequencies at different levels of the cochlea. Cells at the apex respond to low frequencies,
while those in the basal turn will conversely respond to higher frequencies. 3, 27 It is possible
that the watershed blood supply to the basal turn renders the ganglion cells more susceptible
to ischaemia,37 or that there are mechanical reasons why this area should be susceptible. 38

1.3

Balance Overview

Maintaining balance requires integrated sensory information from the vestibular system
in each ear, from vision and from proprioceptive signals from muscles and joints. This
integration is performed at the spinal level, in the cerebellum, and ultimately in higher cortical
centres. Imbalance may therefore be a result of impairment at any one or more of these sites.
Balance testing aims to isolate one or more of these afferents to ideally test only one system.
As such, vestibular testing may occur in a dark room, with the eyes closed, in a spinning
chair, on a soft surface, while performing distracting tasks, or wearing special glasses which
remove the ability of the eyes to accommodate.
Global tests of balance are useful to assess how well the integrated balance system is
functioning. Romberg testing has the patient standing upright with feet slightly apart and may
be sharpened with closure of the eyes.39 Patients with normal balance should be able to
maintain this position for at least a minute. Proprioceptive information may be reduced by
having the patient march up and down on the spot with the arms outstretched, which is the
basis of the Unterberger stepping test. These tests may be better quantified by computerised
dynamic platform posturography.40 While these tests provide a useful overall assessment of
integrated balance function, they are not specific enough to identify which organ is impaired.
As outlined above, each ear has five vestibular sensors in the form of the utricle, saccule
and three SCCs. These detect head movement by inertial changes on the otolithic membrane
of the otolithic organs and in the endolymph of the SCCs. Detection of head movement by the
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vestibular system helps to modulate reflexes which keep a static image on the retina via the
vestibulo-ocular reflex (VOR),41 and to keep the body upright via the vestibulocolic and
vestibulospinal reflexes. The underlying physiology of the VOR is that head rotation partially
or completely in the plane of a SCC stimulates or inhibits the neuroepithelium of the ampulla,
depending on whether the fluid wave is towards or away from the ampulla. The
neuroepithelium has a basal firing rate which is influenced up and down by this stimulation
and inhibition. The superior canal on one side is in the same plane as the posterior canal
contralaterally. As such, the SCCs on each side of the head are matched so that head
movements which stimulate one side will have an inhibitory effect on the other. A motionstimulated lateral SCC deflects the eyes away from the stimulated side to keep a stable image
on the retina. Conversely, an inhibited lateral SCC deflects the eyes towards the inhibited side
by the same mechanism.
This pairing and central integration of SCCs explains why acute unilateral vestibular
pathology produces a sensory mismatch which may give rise to nystagmus and produce
nausea and vertigo. The slow phase of nystagmus reflects the underlying pathology, whereas
the fast phase represents cortical correction to realign the image on the centre of the retina. By
convention however, the named direction of nystagmus is based on the direction of the fast
phase. With time, the brain compensates for this unilateral vestibular weakness and can
recognise a change in head position by the integration of the modulated basal firing rate of the
remaining SCCs.
Existing tests of vestibular function primarily test the semicircular canals with
observation of subsequent nystagmus as mediated by the VOR. 42 This may be achieved by
direct observation of eye movements, or more accurately determined by
electronystagmography or videonystagmography. Electronystagmography is possible because
of the electrical potential difference between the cornea and sclera, generating a cornealretinal dipole which allows surrounding electrodes to detect deflections of the cornea towards
or away from those electrodes.43 Electonystagmography has limited ability to detect torsional
nystagmus, whereas videonystagmography is able to detect nystagmus in all directions.
Nystagmography test batteries include oculomotor evaluation, positional testing and caloric
stimulation. Nystamography quantifies the degree and direction of nystagmus and has the
advantage of pointing to either a central or peripheral (vestibular) cause, but is unable to
differentiate between these sites of pathology in many instances.
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Caloric testing of the vestibular system involves instillation of air or water of different
temperatures into the EAC. This affects predominantly the closest SCC to the EAC, the lateral
canal. Cool water at thirty degrees in the EAC cools the endolymph of the SCC, and when the
patient is lying down with the neck extended thirty degrees this canal is orientated vertically
so that the cooled endolymph with a relatively increased density sinks to the most dependent
portion of the canal. This has an inhibitory effect on the neuroepithelium in the cupula as the
cupula senses fluid moving away from it. As outlined above, this causes the eyes to drift
towards the cooled ear before cortical correction brings gaze back to the initial position with
the fast phase of nystagmus. Conversely, warm forty degree water instilled into the EAC
causes a slow phase of nystagmus away from the tested ear as the lateral SCC is stimulated.
Caloric testing has the advantage over motion-induced testing in that each ear is able to be
specifically interrogated; however, testing is limited to the lateral SCC and may miss
pathology of other canals or the inferior portion of the vestibular nerve. Rotating chairs
stimulate the SCCs with motion and can investigate the superior and posterior canals in
addition to the lateral SCC, but it will always stimulate both sides simultaneously.
Testing of the otolithic organs has been limited to assessing the subjective visual
horizontal (SVH). This is an indirect measure of utriclar function where subjects in a dark
room align a glowing rotatable bar to what they perceive to be the horizon.44 After acute total
unilateral vestibular deafferentation, this SVH is offset by around twenty degrees towards the
affected side.45 With central compensation the SVH may return to normal within a few weeks,
making this test not as useful in patients with chronic utricular weakness. Vibration of
sternocleidomastoid appears to increase the sensitivity of the SVH in patients with such a
chronic loss.46
Similar to POSNHL, postoperative balance impairment is not well understood. Patients
undergoing middle ear surgery have vertigo as a recognised complication. This may be due to
explainable events such as a perilymph leak, but it is not uncommon for patients to have
unexplained, balance impairment following-middle ear surgery.14, 47-53 Merely surgical
proximity to the inner ear cannot be a full explanation, as dizziness often accompanies
postoperative nausea in non-otological operations as well.54-57 Dizziness, however, is a
colloquial term with much aetiology unrelated to the inner ear.58 A feeling of postoperative
lightheadedness or pre-syncope is more likely to be a cardiac or brain perfusion issue, 59 and
patients with central neurological conditions may have incoordination of their nervous system
contributing to a feeling of imbalance.60-62 Choice of anaesthetic has been cited for
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postoperative nausea and vomiting, and similarly for resulting imbalance. 56 This outlines that
postoperative imbalance is likely to be multifactorial with differing aetiologies for different
patients. Understanding how middle ear surgery affects the vestibular system requires a
sensitive test of vestibular function.
1.3.1

Vestibular Evoked Myogenic Potential (VEMP)

The VEMP is a test of otolith function which may be more sensitive and specific than
earlier tests for vestibular suppression. Building on earlier work by others in the 1960s and
1970s,63-65 Colebatch, Halmagyi, and Skuse published a method whereby VEMPs could be
consistently recorded.66 They measured the response in the tensed sternocleidomastoid (SCM)
on the ipsilateral side when tones of at least 90 dB were presented to the ear. This illustrated
the two essential factors of a VEMP, how it is elicited and how it is recorded. AC sound
triggers are AC VEMPs, and the c prefix (cVEMP) indicates that the VEMP is being recorded
from the cervical muscles. The first consistent cVEMP wave has a positive deflection at
thirteen milliseconds (ms) and a negative deflection at twenty-three ms, the so-called p13-n23
wave.66
Several problems arise with AC cVEMPs. Because they rely on sound transmission, any
CHL will attenuate the stimulus, and if this drops below 90 dB consistent results are not
possible.67 In addition, 90 dB is a moderately loud noise which in itself is unpleasant. It takes
several minutes to perform the test, and it is fatiguing for a patient to keep their head elevated
for this time. This has implications for validity in the elderly and in others not able to comply.
Finally, the neck muscles can have different masses on each side,68 so apparent vestibular
hypofunction may simply be due to muscular asymmetry.
The ocular VEMP (oVEMP) addresses some of these issues69 as it is measured from
upward and medial gazing inferior oblique muscles.70 Nguyen recently showed excellent
oVEMP test-retest reliability with acoustic and tap stimuli. 71 In contrast to a cVEMP, the
oVEMP is a crossed pathway so that the eye recorded is contralateral to the tested otolithic
organ.70 Further contrasting the cVEMP with the oVEMP, the latter has a consistent negative
first wave at ten ms, known as n10. The BC can be in the form of a discrete conductor, or a
tap hammer. The optimal number of AC stimulus repetitions varies between 100–500
depending on the effectiveness of the stimulus and the level of facial muscle activity;
however, oVEMPs evoked by head taps at the midline forehead (Fz) require only twenty to
fifty stimuli.72
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Tapping the head to stimulate the otolithic organs is preferable as it is this force which
the organs will physiologically measure.73 In addition, bone conduction intensity is variable
depending on the patient’s head resonance.74 Tapping removes this variable by stimulating
with movement.
The afferent pathway of a VEMP travels along the vestibular nerve. 72 Elucidating the
pathway of a VEMP elicited by AC,66 BC,75 or tapping76 is aided by pathology which affects
some pathways while sparing others. The superior vestibular nerve innervates the lateral
semicircular canal, the superior semicircular canal, the utricle and a small part of the saccule,
while the inferior vestibular nerve innervates the posterior semicircular canal and the majority
of the saccule.77 Sound and taps appear to stimulate different parts of vestibule. This was
shown when resection of a vestibular schwannoma, involving only the inferior vestibular
nerve, abolished AC and BC cVEMPs postoperatively.77 In contrast, the tap cVEMP was
preserved which indicated that a tap stimulated the utricle and travelled via the superior
vestibular nerve.
Further evidence for VEMP origin and pathways is seen in cases of acute vestibular
neuritis (AVN). AVN affecting only the superior vestibular nerve occurs most often. AVN
less commonly involves both the superior and inferior nerves, and the inferior vestibular
nerve alone is the least common presentation.78 In cases of AVN, AC cVEMPs are absent in
only 22 – 34% of patients,79-80 implying that AC stimulates the saccule and travels via the
inferior vestibular nerve. On the other hand, BC oVEMPs are more likely to disappear
completely in AVN. This suggests the oVEMP originated from the utricle and travelled by the
superior vestibular nerve while AC cVEMPs were preserved.81
Several parameters can be measured in a VEMP. Firstly, the amplitude of the response
can be found. This is influenced by the degree of muscle bulk and tone. The greater the degree
of muscle stretch, the larger the VEMP.66 In addition, the larger the stimulus, the larger the
response amplitude.66 Left and right sides should have equal VEMP amplitudes, and
asymmetry ratios are useful in assessing the degree of hypofunction of one side. Secondly, the
latency of the response is a useful marker for identifying a VEMP. cVEMPs consistently
appear as a wave from 13 - 23 ms,66 with oVEMPs slightly earlier at ten milliseconds. The
third parameter is the threshold for an auditory VEMP trigger. This has not been of much use
clinically to date as little is seen consistently below 90 dB, although lower thresholds are
present in superior semicircular canal dehiscence.82-83 Contrasting with an auditory trigger, tap
VEMPs are well tolerated, but until recently have been an all or nothing event. 76 Healthy
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patients over fifty years of age have lower amplitudes, but there are no changes to latencies or
asymmetry ratios.71
The VEMP is a relatively new investigation and normative data has not been well
established, particularly for tap oVEMPs. Asymmetry and change in amplitude are probably
the most useful indicators of postoperative suppression of the contralateral saccule.72 Both tap
oVEMPs and EHF audiometry are examined in further detail later in this thesis where we
prospectively examine the influence of middle ear surgery on inner ear function. As the
footplate of the stapes sits closer to the otolithic organ than the SCCs, it is hypothesised that
otolithic impairment may be a more sensitive indicator of vestibular harm than SCC function.
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CHAPTER 2 Literature Review
2.1

Research questions

1. Can middle or inner ear surgery cause a sensorineural hearing loss?

2. If so, how frequently does this happen for each of the surgical procedures involved?
3. How can these risks be reduced?
A literature search was undertaken with the aim of answering these questions by
performing a metaanalysis of POSNHL incidence and identifying potential aetiologies of this
harm. 443 articles were found by the strategy shown in Appendix A Initial Search Strategy.
The search identified relevant surgical interventions as well as their underlying
pathologies and then combined this with SNHL as a complication. When the search was
further refined to identify only randomised controlled trials (Appendix B Randomised
Controlled Trial Search Filter) only eleven articles were identified. Of these, six were
excluded for the following reasons:
1. Two had no surgical intervention84-85
2. Two did not comment on POSNHL86-87
3. One was not middle or inner ear surgery88
4. One was only a commentary89
The remaining five articles included four which investigated hearing protection with
steroids,90-91 magnesium,92 or calcium channel blockers,93 and one randomised controlled trial
on the use of Erbium: yttrium aluminium garnet (Er:YAG) laser in stapedotomy surgery. 94
Unfortunately this was not enough information to perform metaanalysis.
The literature search was then re-refined from the original 442 articles. 327 articles were
excluded on a similar basis to above, with the additional exclusions of non-systematic review,
double entries, and non-human trials (Figure 2 and Appendix C Extended Search Strategy).
The remaining 115 articles were reviewed and reference checked for further suitable
publications, with a further 115 articles identified.
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442 Articles
identified

95 Case reports &
editorials

94 PTA POSNHL
information not
given

46 Surgery on
other site

41 Reviews &
commentary
articles

37 No surgical
intervention

7 Duplicate
publications

7 Non-human
studies

115 Individual
articles remaining

115 articles added
by reference
checking

230 Articles
reviewed

Figure 2 Article exclusion criteria and reference checking
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A data extraction tool was used for each publication with particular attention to the rates
of POSNHL and anacusis, and how POSNHL was qualified in regard to dB threshold and
frequencies used. Other features noted were the year of publication, years the study covered,
study design, number of ears operated on, stated exclusion criteria, age and gender mix,
intervention and comparison groups, timing of audiometry, and any other comments. This
review acknowledged POSNHL rates in the order of <1% up to 21%, depending on the
procedure performed and qualification of POSNHL chosen.95-99

2.2

Review limitations

The articles identified had many limitations. Firstly, many were retrospective case series
with intervention results compared with historical controls of the same surgeon or institution,
or to no control group at all. Secondly, there was significant heterogeneity in how the data
was reported. Underlying patient cohorts were often not comparable as subgroups were
frequently excluded, and different procedures had different interventions. Thirdly, one of the
key purposes of this review was to find the reported incidence of SNHL for each intervention,
but it soon became apparent that POSNHL was not qualified in a consistent way. This was the
key limitation of the review.
After excluding studies which used speech discrimination to qualify SNHL, the
remaining papers with pure tone defined losses still differed significantly in what constituted
a SNHL. The key variables were the dB threshold and the frequencies used. Firstly, studies
which had a high (at least 30 dB) threshold for defining a loss had a lower apparent rate of
POSNHL,16, 100-101 as patients with a loss below this threshold were not counted. 102 Secondly,
it is apparent that higher frequencies are more sensitive to insult,18, 20-22, 24, 102-103 and so choice
of reference frequency for POSNHL was important. Studies which noted POSNHL at lower
frequencies only,104-106 or which included low frequencies in a pure tone average, 9, 13-14, 20-21,
94-95, 101-102, 107-137

generally had lower rates of apparent POSNHL than studies of the same

procedure which used high frequency (at least 4 kHz) audiometry to define POSNHL. 7, 21, 96,
103, 138-150

This positively biased results from studies which chose lower frequencies and higher
thresholds, as their results appeared significantly better than those with higher frequencies and
lower thresholds. As could be predicted, studies with a combination of high thresholds at a
high frequency had a POSNHL rate somewhere in the middle of the field.151 A few studies
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noted the different apparent POSNHL incidence between pure tone average reporting and
high frequencies, and so reported both incidences.152 There were, however, many papers
which did not qualify how POSNHL was defined on audiometry at all. 35, 48, 52, 97, 153-195
Further confounding the true incidence of POSNHL was the mean reporting of cohort
results as the sole criterion of incidence. Here, POSNHL is only seen if enough patients have
this complication, and individual complications may be overlooked if there is no mean change
for the group.112, 122, 126 The net result of pure tone average reporting for individual patients,
and mean cohort changes for the group is that the true incidence of POSNHL is hidden. This
is illustrated by the following stapedotomy paper where one patient sustained a 20 dB loss at
4 kHz, but their pure tone average only decreased by 4 dB.150 Furthermore, the mean
postoperative BC score for the eleven patients in the study actually rose by 8.5 dB.

2.3

Comparison of POSNHL qualifiers

Following discovery of the variability in POSNHL qualification, it was intended this
review then produce a model of published rates so that studies may be compared with the
model to see if the POSNHL rate was consistent with the literature. If a study showed less
harm than predicted, then something may be learned from it as to protection of the inner ear.
Conversely, if a study showed more harm than expected, it would be prudent to investigate
this harm more closely. Modelling was difficult, however, as there were two variables for
each procedure, and a limited number of studies with complete data.
The largest group of articles in this review was for stapes surgery, but even within this
grouping there were only twenty nine studies with both dB threshold and frequency defined. 14,
94-95, 101, 103, 110-112, 114, 121-127, 131-132, 135, 140, 142-145, 148, 150, 196-197

Figure 3 shows that the incidence

of apparent POSNHL decreases as the dB threshold increases. This is an expected finding as a
greater threshold ignores potentially significant but lesser POSNHL losses.
The POSNHL incidence variability at the 10 dB threshold could indicate three things.
Firstly, the result may be due to chance in a study. Papers with few patients 95, 121, 142-143, 150 are
more likely to produce spurious results at either end of the POSNHL spectrum. Secondly, a
study may genuinely show more or less POSNHL compared to other publications. This could
be due to level of operator experience,198 or particular surgical techniques employed and
could be further investigated. The final reason for this variability is, however, likely to be the
most important and reflects the chosen frequencies at which the threshold was applied. This
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can be seen with the same twenty nine studies when grouped primarily by the reference
frequency, and secondarily by dB threshold (Figure 4). This shows that POSNHL appeared to
be more frequent in studies with high frequency SNHL qualifiers, and less frequent when
averages, particularly of the lower frequencies, were used as a SNHL qualifier. Averaging
0.5, 1 and 2 kHz gives an apparent POSNHL rate of 2.0%. Adding 3 or 4 kHz values raises
the apparent rate marginally to 2.5%, and dropping 0.5 kHz and using 1,2 and 4 kHz still only
raises the apparent rate a little further to 2.8%. In comparison, using the 4 kHz alone criterion
more than doubles the apparent rate to 4.95%. The important implication here is that reports
which use average BC as a marker of POSNHL under-estimate the true incidence of harm.
Ideally the same calculations should be drawn from chronic otitis media surgery, but
POSNHL qualification is not complete enough in this specific field of the literature to draw
these associations.
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Figure 3 POSNHL incidence by decibel qualifier
POSNHL, postoperative sensorineural hearing loss
Trend line generated by linear regression analysis of data in Excel (Microsoft Corporation, Seattle, Washington,
USA) to formula y = -0.0017x + 0.069
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Figure 4 POSNHL by frequency qualifier.
Multiple numbers indicate average across these frequencies
POSNHL, postoperative sensorineural hearing loss
Trend line generated by linear regression analysis of data in Excel (Microsoft Corporation, Seattle, Washington,
USA) to formula y = 0.0016x + 0.0109
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2.4

Evidence for reducing harm

The third research question, reducing the risks of surgery, was addressed by commenting on:
1. The evolution of surgical factors which have been shown to reduce POSNHL
2. The potential surgical aetiologies of POSNHL as potential further harm reduction
3. Mitigating interventions which may reduce POSNHL harm
2.4.1

Surgical factors

Small fenestra stapes surgery
Stapes surgery has come a long way over the past sixty years. Prior to John Shea’s first
stapedectomy in May 1956,199 stapes footplate fenestration had an incidence of cochlear harm
of up to 70%.200-201 Stapedectomy revolutionised treatment of CHL due to otosclerosis and
significantly reduced the harm to a rate of up to six percent.191, 202-203 The first small-fenestra
stapedectomy, or stapedotomy, was performed by Jean Marquet in 1963.186 This had the
advantage of being simpler to teach and perform, and gave hearing results equivalent to
conventional stapedectomy. As less stapes footplate was removed, stapedotomy was also
reported as being less traumatic to the cochlea, and therefore had fewer SNHL
complications.24, 34, 122, 154, 183, 187, 204-209 The stapedotomy technique was also associated with
fewer balance disorders.34 Furthermore, stapedotomy with stapedius tendon preservation was
shown to have lower long-term risks than if the tendon was sacrificed.187
Laser
Laser has the advantage of no mechanical contact with tissue; therefore POSNHL from
force transmission should be much less. The evidence is mixed, however, as while the
majority of publications indicated less inner ear trauma, 137, 168, 210-212 some studies report nonstatistically significant trends to increased POSNHL when compared with conventional
surgery.15, 124 Laser surgery is also particularly advantageous in technically challenging
revision operations where the laser aids dissection of adhesions,146 or in cases of obliterative
otosclerosis213 where the work of removing additional bone is achieved without mechanical
trauma. Postoperative dizziness is also less frequent with laser assisted stapedectomy137 and in
occlusion of semicircular canals for benign paroxysmal positional vertigo (BPPV).105
There are two classes of laser used in otology. The first has a visible treatment beam,
and the second has a higher (invisible) wavelength beam which also needs an additional
visible aiming beam. The former category includes argon and potassium titanyl phosphate
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(KTP) lasers with energy which can pass through perilymph to be absorbed by the pigmented
cells of the cochlea, utricle or saccule,102, 142 which may contribute to increased POSNHL.9
Conversely, visible lasers have the ability to photocoagulate blood vessels which decreases
obstructive bleeding and accidental trauma. The invisible lasers include Er:YAG and carbon
dioxide (CO2) lasers whose beam energy is dissipated by perilymph and does not pass to the
pigmented inner ear cells.102 However, these invisible lasers have no photocoagulative ability.
Despite not directly irradiating the pigmented inner ear tissues, CO2 shares the ability of the
visible lasers to heat the endolymph, either through direct application to the vestibule or by
transmission through an existing prosthesis for revision stapes surgery.214 One study showed a
trend towards less POSNHL with CO2 as opposed to argon laser assisted stapedectomy, but
the results were not statistically significant.169
The Er:YAG laser has a theoretical risk of increasing POSNHL with the 120 dB
shockwave from explosive bone ablation damaging the cochlea.142, 215 Delivering more than
500 millijoules (mJ) by increasing the number of pulses with the Er:YAG laser was also
associated with increased PONSHL.94, 124, 142 Further caution on using the Er:YAG laser in
otology comes from a study which showed that pulses applied directly to the perilymph
caused a pressure increase ten times greater than that from bone ablation.124
Local anaesthetic
Stapes surgery performed under local anaesthesia (LA) has several advantages over
general anaesthesia (GA), and one of these is a lower incidence of SNHL.216 Impending inner
ear damage is often heralded by the onset of significant vertigo. 217 With the patient awake,
this can be reported and the operative technique adjusted until the vertigo subsides. Excessive
bleeding has been noted as a contributor to POSNHL,218-219 and there is the advantage of
improved haemostasis under LA as patients do not lose sympathetic vasoconstriction. 217 On
the other hand, for training purposes it is better to perform surgery under GA as trainees are
more likely to complete the operation.149
Experience / Time
To minimise surgically induced inner ear harm, it has been suggested that stapes
surgery only be undertaken by experienced surgeons.198 Under the direction of an experienced
surgeon, using advances such as a stapedotomy technique and laser encourages better results
and fewer complications along the trainee learning curve. 216 Longer procedures had more
occasion for trauma to the inner ear and higher rates of POSNHL.7, 191, 220 This may also
explain the higher rate of POSNHL observed in revision surgery. 113, 115, 152, 156, 197, 221-225
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Staging surgery
If cholesteatoma erodes into the labyrinth causing a fistula, then a direct sensorineural
loss may occur.136 More important surgically is when cholesteatoma is removed from an
eroded labyrinth. Here there is an up to 47% incidence of SNHL.136 Palva and Sheehy both
advise that dissection of disease off the footplate or a fistula be done as the final step in
chronic ear surgery, if done at all, to preserve inner ear hearing.226-227 Law and Smyth on the
other hand, recommend staging the procedure and removing the cholesteatoma when the
chronic infection has settled.228-229 Removing a cholesteatoma fistula in the presence of
current infection is associated with more POSNHL than staged procedures. 230-231
Staged procedures have the advantage of checking for residual, recurrent or iatrogenic
cholesteatoma matrix several months after the primary operation. This is safer in ears where
there is granulation tissue present at the oval or round windows. Unnecessary manipulation at
these sites could contribute to PONSHL.227 Children often have more aggressive disease than
adults, so staging is strongly advocated for them.135, 155
Staging surgical procedures is not only for cholesteatoma operations. Sheehy noted that
it was “unwise” to perform stapedectomy concurrently with TM grafting due to an increased
POSNHL risk.227
Materials
There are many different seals and prostheses which have been used in otology,
particularly for stapedectomy.122 Gelfoam in particular seemed to be associated with more
POSNHL than any other stapedectomy seal,14, 17, 224, 232-233 whereas there was a much lower
incidence of vertigo and POSNHL with tissue graft seals.233
Few studies directly compared the prosthesis material and commented on their influence
on POSNHL. One study of 218 stapedectomy procedures noted Titanium prostheses had over
five times the incidence of POSNHL than Teflon wire prostheses. 111 A gold prosthesis was
implicated in a case of POSNHL in one study,127 however, another showed no POSNHL
difference between gold or Teflon pistons.127
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2.4.2

Aetiologies

There are several hypothesised aetiologies of surgically related SNHL, and as such
POSNHL is most likely to be multifactorial. These factors are important because they provide
targets for modifying interventions which could decrease the incidence of POSNHL.
Force
Direct hydrostatic pressure or force applied to the inner ear via the stapes footplate is
often cited for sensorineural hearing loss following middle ear surgery.20, 24, 27, 107, 117, 173, 181,
195, 200, 207, 229, 234-237

In vivo, hearing involves very small movements of the ossicular chain

which transmit very small forces from the TM through the oval window at the footplate of the
stapes.38, 238 Evidence investigating the association between force and hearing loss has not
shown the clear association which would be expected following significant ossicular
manipulation.235 However, no study has attempted to measure the amount of force directly
applied in middle ear surgery. It is only when applied force can be directly and objectively
quantified and then compared to hearing outcome that any causal association can be inferred.
Noise
Noise is another potential mechanism for inducing sensorineural hearing loss. This is
already well established in the field of occupational NIHL, where there is a typical threshold
shift at 4 kHz.25 Animal models also support the theory of drill-induced POSNHL.239
Significant noise levels can be generated in otology with up to 125 dB recorded in
mastoid drilling, and a mean level constantly above 100 dB.240 Further noise is generated with
concurrent suction irrigation adding up to an additional 30 dB.241 Sound levels greater than
115 dB have been shown to induce a SNHL when sustained for more than fifteen minutes.241
The choice of burr in the drill also influences noise generation with cutting burrs producing
between 5 – 13 dB more than a diamond burr, and six millimetre (mm) burrs producing 10 15 dB more noise than smaller diameter burrs.242 A greater incidence of POSNHL was seen
following low speed drilling (20,000 revolutions per minute [RPM]) than at high speed,243 but
this finding may have been confounded by longer operating times. Because noise dose is a
product of the noise level multiplied by time, one study noted it was preferable to use the drill
for short periods of time with a firm pressure, as opposed to lighter pressure over a longer
time.242
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When drilling starts, there is an immediate threshold shift observed on
electrocochleography,163 and in some patients this TTS persists postoperatively.244 Ragheb
noted more POSNHL in canal wall down (CWD) mastoidectomy (25%) than canal wall up
(CWU) (10%), which implicated drilling as an aetiology.96 In addition, Schuknecht found that
losses were more likely in cases requiring extensive drilling at the stapes footplate, 195
indicating a dose-response effect. Other authors have also claimed an influence of drilling on
their POSNHL complication rates.14, 218-219, 243 On the other hand, Urquhart did not show any
POSNHL following mastoidectomy, but the study was relatively small and only used average
hearing audiometry.236
In addition to noise, direct contact of the burr with the ossicular chain can induce
POSNHL. This has been shown experimentally in cat ears,245 and has been demonstrated in
human studies also,173, 229 where drilling on an intact ossicular chain can transmit up to 130
dB to the inner ear.246 It has been noted that the short process of the incus is the most
susceptible section of the ossicular chain for burr trauma. 236 The aetiology of drill contact
induced SNHL may be due to a combination of factors with both noise and surgical
manipulation of ossicles, similar to the force aetiology outlined above.106
In contrast to the force theory of iatrogenic hearing loss, where only the operated on ear
is at risk, the noise induced mechanism also affects the contralateral ear.220 Owing to the
excellent conduction properties of bone, sound intensity in the contralateral ear is only 5 – 10
dB less than the operated side.247 One study showed 20% of mastoidectomy patients had a
>20 dB high tone TTS postoperatively in the contralateral ear, which in six patients was
permanent.220 Sudden hearing loss in the contralateral ear was also reported in a publication
following removal of a vestibular schwannoma.248
Granuloma
A reparative granuloma is another frequently sighted reason for POSNHL.52, 168, 191, 194,
249

This only occurs in stapes surgery as an aberrant part of healing of the stapes footplate. A

postoperative granuloma may be due to a foreign body250-251 or to local inflammation from
infective or toxic aetiologies. Glove starch was implicated,252 however, another study found
only one starch granule out of ten granulomas, and felt this was probably not causative. 194
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Infection
Infective agents have also been proposed to cause POSNHL.117, 253 Labyrinthitis may be
due to a microorganism, or it may be sterile.17, 191, 249, 254 Specific agents which have been
implicated include the varicella zoster virus and neurotropic viruses such as influenza.255-256
Sheehy noted a POSNHL association in patients with a high microbiology growth in their
external auditory canal,257 suggesting background colonisation may play an infective role in
POSNHL.
Evidence from guinea pig experiments has shown prior infection with pseudomonas
aeruginosa predisposes to cochlear injury in inner ear surgery.258-260 Indeed, even exposure to
pseudomonas toxin is enough to confer this same increased risk. 261 This has significant
implications for humans as pseudomonas is often found in the moist environment of chronic
ear disease.262-263 It is therefore advantageous to only operate on an ear which is dry and free
from infection, or to stage manipulations around the round and oval windows until after the
disease is treated.
Toxins
Agents which may be toxic to the inner ear include antisepsis products such as
potassium iodide or chlorhexadine.174 In animal studies, methyl methacrylate tissue glue was
toxic to the labyrinth,264 whereas fibrin tissue glue was not.265 Blood and Gelfoam as
stapedectomy seals were thought to induce inflammation and be associated with a reparative
granuloma, which is itself associated with a postoperative sensorineural hearing loss.194, 249
Gelfoam has been separately associated with fistula formation as well. 232
Gelfoam also contained a small amount of formaldehyde which Shenoi showed to be
cochleotoxic in small concentrations.266-267 Sheehy claimed that Gelfoam as a seal over the
oval window accounted for the majority of his cases of POSNHL, 14, 17, 224, 233 and that these
patients also had more postoperative imbalance.233 Degeneration of another seal, adipose
tissue, was said to be toxic to the organ of Corti, cochlear neurones and the stria vascularis in
the basal twenty mm of cochlea.268
Protection of the breached oval window from toxins with a hyaluronate gel made no
apparent difference to POSNHL incidence.269 As an aside, while this study claimed there were
no cases of POSNHL, one patient in the control group had a 13 dB loss over an average of 1,
2 and 4 kHz. This again emphasises how important the POSNHL criterion is.
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Fistula
A perilymph fistula can result from an inadequately sealed oval window in stapes
surgery or from damage to any portion of the bony labyrinth, either by surgery102, 123, 200, 220,
229, 232, 254, 256, 270-276

or cholesteatoma.129, 166, 227, 230, 277-279 The POSNHL mechanism is likely to

be dysfunction of the cochlea due to loss of perilymph pressure,280 or exposure of the inner
ear to potentially infective or toxic agents.
Similar to a perilymph fistula is a perilymph gusher, where after the oval window is
opened, perilymph flows out of the labyrinth and can even flow out of the external ear. This
phenomenon more commonly affects boys and those with a pre-existing SNHL,224 and is
thought to be due to an abnormal communication between the perilymph space and
cerebrospinal fluid.162 Proposed mechanisms include a congenital defect in the internal
auditory canal or a patent cochlear aqueduct or modiolus. 281
Patient factors
Other less modifiable risk factors may influence patient selection for surgery and
POSNHL outcomes. This is most notable for age at time of surgery. The cochlear reserve of
children appears to be more resilient than that of adults for middle and inner ear surgery.14, 24,
155, 206, 282-284

There is temporal bone study evidence that the elderly have inner ear changes

predisposing to POSNHL, and increased fragility of middle and inner ear structures.285 In
addition to age, there are congenital anomalies which predispose to POSNHL, particularly
with regards to postoperative fistula.277, 281 Furthermore, a pre-existing SNHL in any patient
predisposes to further losses.166, 206
Anaesthesia / Idiopathic
POSNHL has also been noted after non-otological surgery,286-287 and the reasons for this
are unknown. Anaesthesia was implicated288 and nitrous oxide was the most likely agent, but
the evidence for this was far from conclusive.289 POSNHL in the non-operated ear, where
there was no mastoidectomy to account for a NIHL, has also been reported.98, 290-291 One
possible explanation for this is that after surgery and exposure of the inner ear, circulating
immunocompetent cells became sensitised to previously unseen inner ear antigens.292 This
may set up a sympathetic cochleolabyrinthitis in the non-operated ear.290
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2.4.3

Mitigating interventions

Various mitigating interventions have been suggested to help reduce the POSNHL risk.
An inherent difficulty with any intervention to reduce POSNHL is the apparently low rate at
which the loss occurs, and therefore the large number of trial participants required to show a
statistically significant outcome. More sensitive markers of POSNHL will reveal a much
higher incidence of loss, and will help clarify which mitigating interventions are useful.
Steroids
Steroids present an attractive intervention option for POSNHL. They have been utilised
in acute non-surgical SNHL for many years, although conclusive proof of their efficacy is not
proven as reports have generally been retrospective and uncontrolled. 293 An animal surgical
model with intraperitoneal methylprednisolone did not show any steroid protective effect, 91
and human trials with systemic steroid administration have been small with inconclusive
results. Milewski had fifty-one patients who prophylactically received intravenous steroid and
none sustained a POSNHL, compared with 9.8% when controls were included.294
Conservative management of stapedectomy POSNHL patients with steroids, antibiotics and a
plasma expander has also reported recovery of cochlear function.295
In contrast, Riechelmann did not show any POSNHL difference in ninety-six patients,
but noted those who received steroid did have a higher incidence of vertigo.90 These results
may just be a function of dose concentration in the inner ear. Higher concentrations are
possible topically, but there remains the issue of getting the dose to stay over the round
window and not leak out the myringotomy or down the Eustachian tube.
Calcium channel blockers
Calcium channel blockers theoretically increase cochlear blood flow and were a
potential avenue for hearing protection. Maurer did not show any significant reduction in
POSNHL in 100 patients with a small number of cases of hearing loss in both groups,93
although there was a trend to preserved hearing in the intervention group.
Magnesium
Joachims showed a protective effect of magnesium against NIHL from firearms,296 but a
randomised, double blind study of magnesium infusions in eighty patients failed to show any
inner ear protective effect during middle ear surgery.92
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Antibiotics
Antibiotics are frequently used prophylactically in middle or inner ear surgery,
however, few studies have specifically examined their protective effect against POSNHL. An
animal model showed that ciprofloxacin-dexamethasone irrigation protects against the
cochlear harm associated with canal transaction in presence of Pseudomonas aeruginosa.260 In
humans, a surgical study with topical azlocillin showed no POSNHL, but there was no control
group and the study was relatively small with only nineteen ears.297
2.4.4

Literature review summary

While otology frequently aims to improve hearing and add quality of life, the risk of
causing a SNHL is present to varying degrees for most middle and inner ear procedures. To
avoid this harm in this often challenging field the literature has several key themes.
Technically challenging surgery should be performed by surgeons experienced in that
procedure, and who continue to operate with sufficient numbers to keep their skills and
interest current.198 Despite the many advances in fenestration, prosthesis and laser, the safest
technique seems to be the one the surgeon is most familiar with.
To get to this point, trainees need to be offered adequate clinical experience and to have
this reinforced. Trainees should make use of advances which make climbing the experience
curve quicker and easier, including realistic simulators or trainers, and technical advances
such as laser.
As with all surgical procedures, appropriate patient selection will optimise results and
decrease complications. It is advisable to avoiding operating on an actively infected ear.
Local anaesthesia is helpful in procedures which involve potential trauma to the inner
ear as this allows for immediate patient feedback and warning about potential impending
SNHL.216
Force transmission to the cochlea is an often quoted mechanism of inner ear injury, but
there is currently very little supporting evidence in the literature. The lack of objective data on
the amount of force used limits the ability to prove any association with hearing loss. Along
with noise trauma, force transmission remains a very likely mechanism for POSNHL, and so
current advice is to minimise the force applied to the middle and inner ear, and to be firm but
brief with drilling.
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2.5

Thesis Aims
2.5.1

To quantify our local incidence of POSNHL and compare this to the literature

The literature indicates that apparent POSNHL incidence varies depending on the
threshold and frequency criteria chosen to qualify POSNHL. Decibel thresholds at the limit of
test-retest variability and high frequencies are more sensitive to POSNHL than other criteria.
Our local experience was audited using a sensitive tool and potential associations with level
of operator, procedure performed or revision surgery were investigated. Results were
compared with the published literature.
2.5.2

To investigate the impact POSNHL has on Quality of life (QoL)

There is no published data identified which attempts to correlate POSNHL with
perceived QoL. A QoL questionnaire was sent to all patients with complete audiometry
identified in the above audit. Our hypothesis was that POSNHL in itself is unlikely to directly
influence QoL.
2.5.3 To prospectively evaluate inner ear otolithic and cochlear responses to middle
ear surgery
It is clear from the literature that middle ear surgery is associated with a degree of both
hearing and balance impairment. EHF audiometry is more sensitive to cochlear harm than
lower frequencies,8, 29 and is therefore well suited to monitoring for POSNHL. In addition,
VEMP testing of inner ear balance function may also be associated with hearing changes seen
in middle ear surgery.
2.5.4

To quantify some of the key forces applied during middle ear surgery

The aetiology of POSNHL is unknown, however, one hypothesis is that forces applied
to the tympanic membrane and ossicular chain may be transmitted through to the inner ear
and be of such a magnitude to cause injury. Before such associations can be objectively made,
a reliable way to measure the applied forces is required. We design, build and test such an
instrument and gather data from both temporal bone palpation and live patients
intraoperatively.
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CHAPTER 3 Postoperative Hearing Loss Review
3.1

Introduction

The risk of sensorineural hearing loss following middle ear surgery commonly quoted
to patients is 0.6 – 5%,191, 202-203 and the risk of a complete loss (anacusis), is around 0.5%.156,
191

The literature review underlying this thesis notes, however, that these numbers are highly

variable and depend a great deal on how sensitive the qualification of hearing loss is. The
most sensitive marker of POSNHL is a high-frequency loss with a threshold just above the
limit of audiometer test-retest variability.8 In our practice, this is when there has been a
greater than 10 dB threshold elevation at 4 kHz.
Guyot, in reporting on inner ear stapedectomy complications, notes that it is important
to use personal numbers not those of expert operators when obtaining informed consent. 298
For this to be possible, we must first review what our complication rate is.
Our hypothesis was that our sensitive marker of POSNHL would demonstrate a higher
incidence of loss than those which are commonly reported, but that our rates were comparable
to the literature.
The methods formulated to address this hypothesis were to:
1. Review the local surgical POSNHL incidence from the start of 1998 until the end of
2009 using a sensitive marker of POSNHL
2. Compare our results with published data from other centres
Successful outcomes in terms of pure tone average (PTA), discharge and residual
perforation were not considered, as this study was primarily concerned with POSNHL.
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3.2

Method

The study design was a retrospective case note review, undertaken through the
Department of Otolaryngology, Head & Neck Surgery at Christchurch Hospital. Additional
data was obtained from the private practices of two specialist otologists. Ethics approval was
obtained from the Upper South B Ethics Committee (Ethics Reference No:
URB/10/EXP/012). Based on the key components from the literature review, a data
collection tool (Appendix D POSNHL Patient Audit Data Collection Tool) was developed as
an Excel (Microsoft Corporation, Seattle, Washington, USA) file. This captured patient
demographics including name, National Health Index (NHI) number, gender, age at time of
surgery, date of procedure, operation performed, surgeon, side operated on, preoperative and
postoperative pure tone audiometry, dates with BC at 4 kHz for the operated ear, whether the
operation was performed in public or private and any notes to explain lack of data or other
points of interest. Children were defined as age less than sixteen.
The database calculated the time of surgery from both pre- and postoperative
audiometry as a check of dates, and to exclude audiometry which was too far from the
operation date. If the first postoperative audiogram did not have BC, then subsequent
audiograms were reviewed until a BC value could be found. If there was no BC performed
before further surgery, then no value was recorded for both the first operation’s postoperative
value and the second operation’s preoperative value, and both were excluded from analysis so
as to only investigate one operation at a time. The criteria to define a POSNHL was a >10 dB
threshold elevation at 4 kHz postoperative BC by. In addition, it was possible within the
database to select a different dB threshold so that changes in apparent POSNHL may be seen
with greater thresholds.
Inclusion criteria were:
1. Surgery performed on the middle or inner ear
a. Stapedectomy / Stapedotomy
b. Tympanoplasty / Myringoplasty
c. Mastoidectomy
d. Ossiculoplasty
2. Time period from start of 1998 until end of 2009
3. 4 kHz BC audiometry available within one year preoperatively and postoperatively
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Exclusion criteria were:
1. Skull base surgery
2. Myringotomy +/- ventilation tube insertion
3. Tympanotomy only
4. Intervening middle or inner ear surgery after preoperative or before postoperative
audiometry
5. Cochlear implantation / explantation
6. Semicircular canal occlusion
These exclusion criteria were to remove minor operations which are not known to be
associated with any significant POSNHL, and major operations which may induce SNHL by a
variety of mechanisms, including centrally.
Tympanoplasty is a reconstruction operation on the middle ear structures. Wullstein
classified tympanoplasty from type I – V.299 A type I tympanoplasty is also known as a
myringoplasty, and involves repairing only the TM. Conversely, a type IV tympanoplasty
attempts to restore sound conduction to the inner ear in the presence of an eroded stapes
superstructure and a mobile footplate by grafting the TM to the footplate, and a type V
tympanoplasty was used when the footplate was fixed and the TM was grafted to a
fenestration in the horizontal semicircular canal. With the exception of tympanoplasty type I,
this classification system is rarely used and the term tympanoplasty may be loosely applied to
middle ear reconstruction. For the purposes of this audit, tympanoplasty type I was classified
synonymously with a myringoplasty. Other operations titled tympanoplasty were analysed to
review whether direct manipulation or reconstruction of the ossicles was performed, in which
case they were coded as a tympanoplasty and ossiculoplasty.
Ossiculoplasty refers to reconstruction of the ossicular chain. This may be achieved by a
cartilage platform,300 incus reshaping and interposition,301 or total / partial ossicular
replacement prostheses (TORP / PORP).302 Where the stapes superstructure is present, a
PORP connects the TM to stapes superstructure. Where the stapes superstructure is absent, a
TORP connects the TM to the mobile stapes footplate at the oval window. A TORP is
inherently much less stable than a PORP, as the medial portion of the prosthesis is sitting
directly on the footplate of the stapes, whereas a PORP rests on the head of the stapes.
Patients with stapes footplate fixation now undergo stapedectomy instead of
semicircular canal fenestration. Stapedectomy is a different category of middle ear surgery, as
the stapes footplate portion of the inner ear is opened with a pick, drill or laser to facilitate the
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insertion of a prosthesis due to fixation of the footplate. This potentially has a greater risk of
POSNHL than other middle ear procedures as the inner ear in addition to being mechanically
breached, is also opened to the prospect of perilymph leaking out, or infection or other toxins
getting in. As such it is recorded separately.
Middle ear procedures were generally recorded as the title of the operation. In the case
of ossiculoplasty, the operation note was reviewed to identify the type of reconstruction.
Operations titled mastoidectomy were checked to see whether TM or ossicular reconstruction
was concurrently performed. Note was made whether surgery was a revision procedure.
To assist data analysis, the large variety of middle ear operations were further
categorised and grouped to reflect presence of drilling, direct ossicular manipulation, a
combination of both, or neither.
Patients from the public sector were identified by the International Classification of
Diseases (ICD) code of their operation (Table 1). The initial search was very wide to include
all potentially relevant procedures classified from 310 to 333. This was refined further (Table
2) by selecting out middle and inner ear procedures based on the above inclusion and
exclusion criteria. Patients with more than one operation had details recorded for each
procedure and their results analysed independently.
Patient records were retrieved by identifying the notes location and manually retrieving
each volume stored onsite and requesting files stored offsite. POSNHL was defined as a
deterioration at 4 kHz BC of >10 dB. This threshold was chosen because the retest variability
for each pure tone audiogram was 5 dB, as our audiologists routinely test in 5 dB steps.
Potential patients from the private sector were identified by searching the clinic’s
patient management system (Specialist Practice Manager, Incisive Medical Systems,
Christchurch, New Zealand) audit function for all patients undergoing middle or inner ear
procedures since 1998. The audit function relied on procedures being coded correctly, and
review of the produced list revealed far fewer patients than expected. To find the “missing”
patients, all patient operating lists were then reviewed from 1998.
Statistical tests were performed in StatView (version 5.0.1, SAS Institute Inc., Cary,
North Carolina, USA). Hypothesis testing used Fishers Exact Test, the two-tailed t-test,
analysis of variance (ANOVA) and Chi-square tests. Significance level for all tests and
models was α = 0.05.
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Table 1 Initial Patient Search

Block code
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
Grand Total

ICD Short Description
Other incision procedures on eardrum/middle ear
Destruction procedures on eardrum/middle ear
Excision procedures on eardrum/middle ear
Myringoplasty
Other repair procedures on eardrum/middle ear
Reconstruction procedures on eardrum/middle ear
Other procedures on eardrum or middle ear
Excision procedures on ossicles of ear
Repair procedures on ossicles of ear
Reconstruction procedures on ossicles of ear
Other procedures on ossicles of ear
Application/insertion/removal procedures mastoid/temporal bone
Application/insertion/removal procedures mastoid/temporal bone
Incision procedures on mastoid/temporal bone
Mastoidectomy
Other excision procedures on mastoid/temporal bone
Repair procedures on mastoid/temporal bone
Reconstruction procedures mastoid/temporal bone
Revision procedures on mastoid/temporal bone
Other procedures on mastoid/temporal bone
Application/insertion/removal procedures on inner ear
Incision procedures on inner ear
Excision procedures on inner ear
Repair procedures on inner ear
Other procedures on inner ear

Total
133
2
496
997
29
229
125
235
4
35
39
2
24
3
204
36
77
67
92
3
92
16
2
17
19
2978

37

Table 2 Refined Patient Search

Block code
313
315
317
318
319
320
323
325
326
327
329
Grand Total
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ICD Short Description
Myringoplasty
Reconstruction procedures on eardrum/middle ear
Excision procedures on ossicles of ear
Repair procedures on ossicles of ear
Reconstruction procedures on ossicles of ear
Other procedures on ossicles of ear
Mastoidectomy
Repair procedures on mastoid/temporal bone
Reconstruction procedures mastoid/temporal bone
Revision procedures on mastoid/temporal bone
Application/insertion/removal procedures on inner ear

Total
997
192
235
4
35
39
199
77
67
92
92
2029

3.3

Results

A total of 2,285 procedures were identified in 1,733 patients. The number of procedures
per patient is shown in Table 3. There were 1,669 procedures in the public system, and 616
procedures in private. Breakdown by exclusion criteria are shown in Figure 5. 336 (54.5%) of
private procedures and 809 (48.5%) of public hospital procedures had BC audiometry
available at 4 kHz, totalling 1145 procedures (50.1%). A further breakdown of missing
audiometry is given in Table 4. Eighty one procedures were excluded where the patient had
preoperative BC of >55 dB, as a further loss would be beyond the limits of the audiometer. A
further 166 patients were excluded as their postoperative BC test was more than a year
postoperatively, and sixty four had preoperative BC test greater than a year preoperatively.
This left 834 (36.5%) complete entries for analysis.
There were 416 (49.9%) males and 418 (50.1%) females, with a median age of 41 (5 89) years. 404 (48.4%) were right sided procedures and 430 (51.6%) were left sided (Table 5).
Sixty nine patients sustained a postoperative sensorineural hearing loss, giving an
overall POSNHL rate of 8.3%. POSNHL by primary procedure is shown in Table 6. There
were 247 revision surgeries, the results of which unexpectedly showed a lower incidence of
POSNHL than primary surgery for almost every procedure (Table 7). The exceptions were
revision mastoidectomy and revision stapedectomy. Overall, however, the POSNHL rate for
revision surgery was 4.9%, approximately half that for the 587 primary cases with a rate of
9.7% (p<0.05). The paediatric population POSNHL incidence was no different than the adult
population with rates of 7.2% and 8.7% respectively (p>0.5). There was likewise no statistical
association between gender or operated side on POSNHL with p-values of >0.6. Increasing
the POSNHL definition threshold to 15 dB dramatically reduced the apparent POSNHL rate
from 8.3% to 4.6%, and a threshold of 20 dB more than halved the rate again to 2.2%.
Further analysis by category of surgery is in Table 8. The chi square test for the
different surgical categories came close to significance with a p-value of 0.06. Table 9 shows
that registrars had the highest rate of POSNHL at 11.0%, with fellows and consultant
operators having lower rates of 2.6% and 8.1% respectively. These findings were, however,
not statistically significant (p>0.2). Assuming stable audiometry outside a year, if early and
late audiometry is included 1,064 procedures become available for analysis. Ninety one
patients are identified with a POSNHL and the overall rate insignificantly increases from
8.3% to 8.5%.
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Table 3 Number of procedures per patient

Number of operations
Number of patients
Total procedures

40

One
1,313
1,313

Two
327
654

Three
62
186

Four
24
96

Five
6
30

Six Total
1 1,733
6 2,285

2,285 Procedures
Identified

616 Private

280 No 4 kHz BC
available

1,669 Public

336 4 kHz BC
available

27 Preop BC
>55 dB

860 No 4 kHz BC
available

309 Preop BC
<60 dB

44 Audiology
out of date limit

809 4 kHz BC
available

54 Preop BC
>55 dB

265 Audiology
within date limit

755 Preop BC
<60 dB

186 Audiology
out of date limit

569 Audiology
within date limit

Figure 5 Inclusion Criteria
dB, Decibel; BC, Bone conduction; kHz, Kilohertz; Preop, Preoperative
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Table 4 Breakdown of Missing Audiometry

Audiometry Missing Classification
No preop audio
No preop BC
No postop audio
No postop BC
No audio on file
No BC either test
No preop audio, no postop BC
No preop BC, no postop audio
Audio noted to be out of town
Scanned audio unable to be read

N=
107
73
185
364
47
157
30
37
67
13

Audio, audiogram; BC, bone conduction; preop, preoperative; postop, postoperative
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Table 5 Patient Demographics

Gender

Female
Male

N=
418
416

Age

Median
Minimum
Maximum

41
5
89

Years
Years
Years

Operated ear

Left
Right

430
404

51.6%
48.4%

50.1%
49.9%

POSNHL
8.4%
8.2%

p-value
0.90

8.7%
7.9%

0.62

POSNHL, Postoperative sensorineural hearing loss
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Table 6 POSNHL by Procedure Performed, Primary Surgery

Procedure

Myringoplasty / Tympanoplasty
Mastoidectomy
Ossiculoplasty
Incus reshaping / cartilage
TORP
PORP
Tympanoplasty & Ossiculoplasty
Incus reshaping / cartilage
PORP
TORP
Mastoidectomy & Tympanoplasty
Mastoidectomy & Ossiculoplasty
Incus reshaping / cartilage
PORP
TORP
Mastoidectomy, Tympanoplasty & Ossiculoplasty
Incus reshaping / cartilage
PORP
TORP
Stapedectomy
Total

Number
of Cases
Performed
201
22
17
4
5
8
40
22
13
5
94
5
3
2
0
12
5
6
1
196
587

POSNHL POSNHL
cases
Rate
21
2
0

10.4%
9.1%
0.0%
0
0
0

4

0.0%
0.0%
0.0%
10.0%

3
1
0
6
1

13.6%
7.7%
0.0%
6.4%
20.0%

0
1
0
1

0.0%
50.0%
N/A
8.3%

1
0
0
22
57

20.0%
0.0%
0.0%
11.2%
9.7%

N/A, Data not available; POSNHL, Postoperative sensorineural hearing loss; PORP, partial ossicular
replacement prosthesis; TORP, total ossicular replacement prosthesis
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Table 7 POSNHL by Procedure Performed, Revision Surgery

Procedure

Revision Myringoplasty / Tympanoplasty
Revision Mastoidectomy
Revision Ossiculoplasty
Incus reshaping / cartilage
TORP
PORP
Revision Tympanoplasty & Ossiculoplasty
Incus reshaping / cartilage
PORP
TORP
Revision Mastoidectomy & Tympanoplasty
Revision Mastoidectomy & Ossiculoplasty
Incus reshaping / cartilage
PORP
TORP
Revision Mastoidectomy, Ossiculoplasty &
Tympanoplasty
Incus reshaping / cartilage
TORP
PORP
Revision Stapedectomy
Total

Number of
Cases
Performed
69
8
15
1
9
5
73
14
33
26
35
5
0
5
0

POSNHL
cases

POSNHL
Rate

6
1
0

8.7%
12.5%
0.0%

26

0

0
0
0
3
0
2
1
0
0
0
0
0

4
11
11
16
247

0.0
%
6.1
%
3.8
%
0.0%
0.0%
N/A
0.0
%
N/A
0.0%

0
0
0
2
12

%
%
%
4.1%

0.0
0.0
0.0

0.0
%
0.0
%
0.0
%
12.5%
4.9%

N/A, Data not available; POSNHL, Postoperative sensorineural hearing loss; PORP, partial ossicular
replacement prosthesis; TORP, total ossicular replacement prosthesis
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Table 8 POSNHL by Surgery Category

Surgery Category

Number of Cases POSNHL
Performed

Combined
Rate

Primary, no drilling / ossicular manipulation
Primary, ossicular manipulation
Primary, drilling
Primary, drilling & ossicular manipulation
Primary stapes
Revision, no drilling / ossicular manipulation
Revision, ossicular manipulation
Revision, drilling
Revision, drilling & ossicular manipulation
Revision stapes

201
57
116
17
196
69
88
43
31
16

10.4%
7.0%
6.9%
11.8%
11.2%
8.7%
3.4%
2.3%
0%
12.5%
P=0.06

POSNHL, Postoperative sensorineural hearing loss
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21
4
8
2
22
6
3
1
0
2

Table 9 POSNHL by Surgeon Grade

Surgeon
Grade
Registrar
Fellow
Consultant

Number of Cases
146
38
646

POSNHL
16
1
52

Rate
11.0%
2.6%
8.1%
P=0.25

POSNHL, Postoperative sensorineural hearing loss
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3.4

Discussion

We appear to have a much higher rate of postoperative sensorineural impairment than
the 2 – 4% which is traditionally reported to patients.156, 191, 202-203 However, are we in fact that
different to other centres? As the earlier literature review noted, there is significant
heterogeneity in the way a POSNHL is reported. This makes it almost impossible to perform a
quantitative analysis and allow direct comparison of our results with the summed body of
literature.
Several variables contribute to this heterogeneity. High threshold, low-frequency, or
mean qualifiers of POSNHL skew data and hide complications and poor outcomes. Firstly,
some publications which report a relatively low incidence of POSNHL have threshold
significance levels as high as >30 dB,100, 254 or even >40 dB.101 Clearly, the higher the
threshold chosen for significance, the lower the apparent hearing loss rate. Secondly, it is
apparent that high-frequency hearing is more sensitive to insult than lower frequencies. 18, 20-24,
102-103, 209

Therefore, publications which do not use high-frequency sensorineural loss as a

primary marker of POSNHL will have an apparently lower rate. Thirdly, publications which
average out the postoperative BC audiometry across lower frequencies will similarly have
lower rates.101 Relatively unchanged lower frequencies will mask a potentially significant loss
in the higher frequencies. Lastly, publications which report only mean changes for the cohort
may not show a significant complication rate, but individual losses will be hidden in the
averaged group data.122, 126
Studies which do report their sensorineural complications in the same way as ours
generally show concurrence of results. Schmerber showed a rate of 3.6% for TORP/PORP
ossiculoplasty in 111 cases,138 which is identical to our overall rate in 140 cases (Table 6 and
Table 7). Our rate was quite variable, however, ranging between 0 – 50% depending on what
other procedures were performed at the same time, and whether it was primary or revision
surgery. In stapes surgery, Hausler had 22.2% of eighteen Er:YAG laser stapedotomy patients
sustain a >10 dB POSNHL at 4 kHz.142 Our data compares very positively with this, with only
11.2% in 196 primary cases. DiBartolomeo reported 10% using this same classification for
his ten Argon laser stapedectomies.143 While these publications have relatively small
numbers, Ginsberg reported a rate of 11.6% in his 2,405 patient stapedectomy series.144 In
mastoidectomy surgery, Ragheb showed a POSNHL incidence of 18.7% in 724 patients using
the same >10 dB at 4 kHz criterion,96 which likewise makes our rate of 5.3% in 207 cases
appear quite favourable.
48

Ostfeld noted a rate of up to 21.5% using a very sensitive POSNHL qualifier of >5 dB
in any frequency.303 The same report went on to state only 2% POSNHL with a >10 dB loss
across the averaged speech frequencies. This further emphasises the difference the choice of
POSNHL threshold qualification makes on apparent outcome. In the same range as Ostfeld,
Palva had a rate of 2.3%, representing four cases, two of which had a 60 dB high-tone loss,
and a further two sustaining a 15 dB flat loss across 0.5 – 2 kHz.151 Smyth encourages
clinicians to inform patients of the risk of a dead ear from “even the most simple
myringoplasty”.229
One of the surprises in this review was the frequency of POSNHL following
myringoplasty / tympanoplasty. Our result of 10% in 270 patients was higher than the average
rate of 8.3% across all procedures. This may be because myringoplasty is seen as a simple
procedure, and may be performed by junior staff who, as a later chapter shows, use more
force in middle ear surgery. Another explanation for this may be that patients who have a
surgical complication are more likely to get their hearing tested, thus biasing the complication
rate higher. Indeed, the patients identified as having myringoplasty / tympanoplasty have the
lowest rate of complete audiometry at 24.7%, with the average for the whole study at 40.0%.
This represents a significant weakness of this study. If those three quarters of cases have
satisfactory hearing results, then our true POSNHL rate will be much lower than it appears
here. Also possible is if the patients with unavailable audiometry have more POSNHL than
average, our results will underestimate the true POSNHL incidence.
Another noteworthy finding was that revision surgery nearly always had a lower rate of
POSNHL than primary procedures. This was in contrast to much of the literature which
indicated revision surgery usually had a higher rate of POSNHL, and less satisfactory hearing
results overall.113, 115, 152, 156, 197, 221-225 Reasons cited for this include adhesions and scarring
which make dissection tedious, prolonging the operation 7, 220 and may hide underlying
structures such as the facial nerve or a dehiscent sigmoid sinus.
Is our observation real, or an aberrant finding based on biased data? Patients are more
likely to have 4 kHz BC data prior to and after revision surgery, than patients undergoing
primary surgery. In our study 37.1% of primary operations have complete audiometry. In
contrast, revision surgery has a greater proportion of cases with complete audiometry at
49.1%. It may be that there is no true improvement in POSNHL rate for revision surgery, and
that more complete capture of patients who do not sustain a POSNHL averages the data back
towards the true, and lower, incidence.
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If, on the other hand, our data does truly imply that revision surgery is safer, then why
might this be so? One answer may be that an intact ossicular chain is capable of transmitting
harmful forces to the inner ear,20 a situation explored in a later chapter. Ragheb found that
procedures with an intact chain had a higher than expected POSNHL incidence. 96 If primary
surgery disarticulates or removes this chain, then revision surgery would not have an intact
chain at start of the operation to transmit harmful forces down, so there should be less risk of
POSNHL. This, however, does not explain the decreased incidence of POSNHL in revision
surgery which does not involve ossiculoplasty. Another explanation may be that in revision
surgery existing anatomy is known, so there should be no surprise fistulae, or unknown
dehiscent structures to get damaged or cause vision obstructing haemorrhage.
3.4.1

Limitations of present study

One of the weaknesses of this review, inherent to all retrospective studies, is the issue of
incomplete data collection. 63.5% of all identified procedures had incomplete audiometry.
Absent postoperative audiometry may represent patients with a satisfactory result who did not
attend follow-up audiology. Additionally, some audiograms from private were unable to be
read after they were scanned. A small number of patients were noted to have audiometry
performed elsewhere with no local record of it. Those patients with no postoperative BC
noted on their audiograms may represent patients with apparent satisfactory ABG closure
based on postoperative AC alone. Patients with no pre-operative audiometry were in part due
to the same reasons noted above for absent postoperative testing or it may have reflected the
few acute surgical cases where there was not time to get a preoperative hearing test.
Unfortunately in some cases, missing audiometry may have been an indication that no hearing
test was sought. Finally, patients with absent preoperative BC may be from operations
thought to be low risk, and that therefore without need to document sensorineural reserve. In
addition, BC was often not done in patients with entirely normal AC; however, it cannot
necessarily be assumed that there is no ABG and that AC is a direct reflection of BC.
Missing data may have the effect of under-representing good surgical outcomes as
patients with good outcomes may not present for their postoperative audiology assessment if
they are already satisfied with their hearing. Conversely, patients with poor outcomes may be
more likely seek follow-up and get their unsatisfactory hearing result measured
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Another weakness was that the variety of surgical categories meant that many of the
groups had very few patients in them. This made statistical inferences difficult. To circumvent
this, patients were grouped into categories reflecting the interventions performed, namely
drilling, and ossicular intervention and opening of the inner ear.
There may well have been other factors which influenced POSNHL outcomes such as
smoking, general health or socioeconomic status, but unfortunately if the data was not
collected at the time the patient was seen, then it was unavailable to be collected for analysis.
A prospective study examining the outcomes of surgery could address these issues better and
help to control for potential confounding.
3.4.2

Strengths of present study

Strengths of this study include a high capture and retrieval of patient notes. Of the 1,733
sets of patient notes identified by a medical records search, only seventy six (4.4%) were not
able to be retrieved as they had apparently been lost or misplaced. This study had a consistent
application of a prospectively designed tool which achieved a balance between maximum
POSNHL sensitivity, and maximum utility of historical audiometry with the 4 kHz BC value
chosen as a reference frequency. In all, 834 patients had complete data available for analysis,
which allows for assessing POSNHL across different potential risk factors. These include
differentiating results between different levels of operator, revision versus primary surgery,
adults versus children, and assessing different classifications of surgery.
As there is significant variability in the dB thresholds for POSNHL reported in the
literature, an advantage of this audit database is that it can produce the corresponding
POSNHL rate for any threshold at 4 kHz. As noted above, increasing the threshold to 15 dB
reduced the apparent POSNHL rate from 8.3% to 4.6%, and a 20 dB threshold would give a
rate of only 2.2%. Using the most generous thresholds in the literature of 60 dB304 our
POSNHL rate would have been a very respectable 0.1%. This further supports one of the
underpinning themes of this thesis that higher POSNHL thresholds hide post-operative inner
ear harm.
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3.4.3

Areas for future research

Future studies with larger numbers, or more focused studies would allow comments to
be made about the risk of individual operations. Further studies should be prospective to
allow more complete data capture to explore the association of revision surgery with
POSNHL. These studies should use an appropriately sensitive and consistent tool, such as
those described in a later chapter on EHF audiometry and VEMP.

3.5

Summary

Postoperative sensorineural hearing loss is more common than traditionally believed.
This is primarily because earlier methods of qualifying a loss were not sensitive enough, and
did not recognise high-frequency hair cells in the basal turn of the cochlea as being the most
prone to operative injury. Having established that POSNHL exists in our local population, the
next chapter asks if this affects patients’ quality of life.
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CHAPTER 4 Quality of Life After Middle Ear Surgery
4.1

Introduction

Postoperative sensorineural hearing loss can occur as a consequence of middle ear
surgery and is a marker of inner ear harm. But does this matter to patients? There is a paucity
of literature published on otology QoL, despite this being a primary indication for otological
surgery. Excluding a few emergency, trauma or life saving operations, the most common
indications for middle and inner ear surgery are to:
1. Improve hearing
2. Decrease infection frequency or severity
3. Allow the ear to get wet
4. Relieve imbalance
5. Remove ectopic skin cells
These procedures aim to improve QoL, however, only a few hundred publications were
found in a literature search for all of otological surgical procedures and QoL (see Appendix E
Otologic surgical procedures Quality of life search). Typically, these related to satisfaction
following cochlear implantation (CI)305-309 or bone anchored hearing aids (BAHA).310-311 No
identified publications specifically reviewed the influence of POSNHL on QoL.
The sensitive POSNHL marker used in our retrospective review provides a cohort of
patients to investigate a potential correlation between POSNHL and a decreased QoL.
However, the hypothesis for this study was that POSNHL, defined as <10 dB threshold
elevation at 4 kHz has no effect on quality of life, as sensorineural hearing per se is not
perceived by the patient. Other factors are likely to be more important to the patient in
assessing the impact of middle or inner ear surgery on their lifestyle.
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The methods formulated to investigate this hypothesis were:
1. Identify patients who have had middle or inner ear surgery between the beginning of
1998 and the end of 2009
2. Use an appropriate retrospective QoL tool to assess the impact of surgery on the
lifestyle of the identified patients
3. Compare the QoL results with the documented POSNHL from the previous chapter
4. Calculate and compare the PTA change postoperatively with QoL responses
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4.2

Methods

This study was a survey which built on the twelve year retrospective review of 1,064
middle ear surgery procedures with 4 kHz BC pre- and postoperative audiometry in the
previous chapter. This project was given ethics approval by the Upper South A regional ethics
approval committee (Ethics Reference No: URA/10/EXP/022). The inclusion and exclusion
criteria were similar to the index study, with some minor changes.
Inclusion criteria were:
1. Surgery performed on the middle or inner ear
a. Stapedectomy / Stapedotomy
b. Tympanoplasty / Myringoplasty
c. Mastoidectomy
d. Ossiculoplasty
4. Time period from start of 1998 until end of 2009
5. 4 kHz BC pre- and postoperative audiometry
As there was no significant POSNHL difference between patients with audiometry
within a year of index surgery and those with audiometry outside this window, patients with
audiometry outside the one year inclusion criteria of the previous chapter were also invited to
take part to increase the number of patients able to participate.
Exclusion criteria were:
1. Skull base surgery
2. Myringotomy +/- ventilation tube insertion
3. Tympanotomy only
4. Intervening middle or inner ear surgery after preoperative or before postoperative
audiometry
5. Cochlear implantation / explantation
6. Semicircular canal occlusion
7. Preoperative anacusis (BC >59 dB)
Exclusions one to six were inherited from the index study, and the seventh exclusion
was applied here as patients with preoperative anacusis were not able to have further SNHL
recorded.
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To detect maximal QoL change from surgical intervention, generic surveys such as the
Short Form Health Survey312 were unlikely to have adequate sensitivity. The Glasgow Benefit
Inventory (GBI)313 was chosen over other ear surgery QoL surveys as the study population
underwent non-homogenous middle ear surgery. Other existing instruments focus on either
improved hearing314-317 or chronic discharge318-322 outcomes, which reflect different
underlying pathology and operations. Furthermore, most QoL surveys require pre- and postintervention testing which was not possible given the retrospective nature of this study. The
GBI was designed by Robinson et al in 1996 and is a validated, retrospective, single
administration test which is maximally sensitive to any change in health status brought about
by a specific event. The questionnaire was designed as an adult Otorhinolaryngology (ORL)
survey but has been used in other specialties,323-324 and also in the paediatric age group.310-311
Of the eighteen GBI questions, twelve correspond to general improvement of QoL, three to
social improvement, and three to physical improvement. Each question asks the patient to
indicate their response on a Likert one to five scale. To help control for response bias, half the
questions had the scale range from a large improvement to a large deterioration, and the other
half went the other way. For the full questionnaire and score calculations please see Appendix
F The Glasgow Benefit Inventory. Each calculated domain had a scale from -100 to +100
with zero being no change from the intervention, -100 being maximal deterioration and +100
being maximum QoL improvement.
The 1,064 procedures identified in the previous chapter had duplicate patients removed,
with the most recent operation becoming the procedure the GBI was targeted to. The Decision
Support Department at Christchurch Hospital identified deceased patients so they too could be
excluded. Patients were invited to participate no sooner than six months following their
surgery to exclude enthusiasm response bias, and for complications and likely medium-term
outcome to become apparent. Patients were sent an invitation letter and information sheet as
well as the GBI. Filling in and returning the GBI was taken as informed consent.
Non-responding patients were followed up with a phone call at one month to ensure the
material had been sent to the correct address, to answer any questions they may have had, to
clarify any of the points on the GBI, and to send a further questionnaire if that was required.
Patients were given a further two months after the phone call to return their completed
questionnaires for analysis.
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Age less than sixteen was classified as paediatric patient, greater than sixty-five as older
patients, and those from sixteen to sixty five classified as adult. Scores were compared for
different surgeries, and with the degree of sensorineural hearing change to investigate any
possible association with POSNHL.
To explore the hypothesis of this chapter that other variables are better correlated with
QoL than POSNHL, the patient audiograms were reviewed again to establish their pre- and
postoperative PTA. Because the data collection tool from the previous chapter only recorded
4 kHz BC, all available audiograms had to be reviewed again. The PTA was calculated from
the closest preoperative, and the most recent postoperative audiograms based on the American
Academy of Otolaryngology Head and Neck Surgery Committee on Hearing and
Equilibrium’s 1995 guidelines for the evaluation of results of treatment of conductive hearing
loss.325 The PTA change was calculated as the average of 0.5, 1, 2 and 4 kHz postoperatively
minus the same average values preoperatively. While the Committee’s guidelines use 3 kHz
instead of 4 kHz, they acknowledge that averages calculated by both methods are directly
comparable326 and “that it is appropriate to include 3 kHz to reflect the importance of higher
frequencies in the understanding of speech, which is the goal of hearing reconstruction.”325
Questionnaires with missing information were not included in data analysis as this is the
routine practice of the Institute of Hearing Research, Glasgow where the GBI was
designed.327 The data was entered into an Excel (Microsoft Corp, Seattle, Washington)
database. Descriptive statistics were performed with correlation coefficients and t-tests with a
significance level of α=0.05. Analysis was performed in PASW Statistics (SPSS: An IBM
Company, Chicago, Illinois)
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4.3

Results

From 1,064 procedures with complete audiometry, 195 duplicates were removed to
leave 869 unique patients. For response details please see Figure 6. Overall, 303 (34.9%)
questionnaires were complete and available for POSNHL analysis. Of the thirty six which
were returned incomplete, twenty six had no response for question nine, with many stating the
question did not apply because they were retired. Complete follow up, declined offers and
those with no follow up contact details totalled 547 (62.9%) patients, with the remaining 322
(37.1)% not returning their questionnaires.
Of the 303 complete responses, 159 (52.5%) were from females, and 144 (47.5%) from
males. 159 (52.5%) were from right sided procedures and 144 (47.5%) from the left. Mean
age at the time of surgery was 45 (7 to 82) years.
Table 10 shows the QoL scores for the different operations performed. Operations to
restore hearing had the highest scores on the General Subscale, with the highest values for
stapedectomy and revision stapedectomy on 33.7 and 34.2 respectively. The sixteen
classifications of procedures were combined into the same surgery categories used in the
previous chapter (Table 8), with a further combination of primary and revision surgery results
seen in Table 11. Here, the surgery with the greatest improvement to QoL is once again
stapedectomy, and that associated with the smallest improvement were procedures which
required drilling in the absence of ossiculoplasty. The difference between the categories of
surgery was statistically significant for all subscales except support.
We found no evidence that POSNHL was associated with QoL. The total score r2
correlation was only 0.060 (p=0.085) (Figure 7). Similarly, POSNHL was not associated on
the general (Figure 8), support (Figure 9) or physical (Figure 10) subscales with r2 values of
0.0036, 0.0008 and 0.0156 respectively. POSNHL and QoL associations by surgery type are
shown in Table 12, and again there is no consistent response. Stapedectomy and revision
stapedectomy both show poorer QoL scores in those with a POSNHL, however, revision
ossiculoplasty, mastoidectomy and ossiculoplasty and revision mastoidectomy all
inexplicably had improved scores in the presence of a POSNHL.
Only 126 patients were able to have their PTA calculated, as the notes for the remainder
were not available on this second search through medical records. The PTA was more
strongly associated with QoL than POSNHL with an r2 value of 0.1212 for the general
subscale (Figure 11). This was a highly significant association, particularly on the general
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subscale (p<0.0001) and carried through to a lesser extent on the total score (p=0.006). The
support and physical health scale values were not significantly associated with PTA.
Time since surgery was slightly inversely correlated with QoL. Earlier procedures
received lower scores (Figure 12), but this was a very low correlation with r2=0.0045 and
p>0.1 for all scores. Age at time of surgery had almost zero correlation with total score, r2 was
0.0001 (Figure 13) and p>0.1 for all QoL scales. Women appeared to report greater QoL
improvement postoperatively than men on the total scale and on all individual subscales
(Table 13), however, these observations were not statistically significant. A summary of
patient comments is in Appendix G Patient comments on the GBI.
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1,064 procedures with
sensorineural hearing
function noted

195 duplicate or
deceased patients
removed

869 unique patients
invited to participate

33 declined

296 primary
returned
questionnaries

540 primary
unreturned
questionnaires

43 questionnaires
returned from follow
up phone call

175 no phone contact
details

338 returned
returned
339
questionnaires
questionnaires

36 incompletely filled
out questionnaires
removed

Figure 6 Questionnaire responses
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303 questionnaires for
analysis

322 no reply

Table 10 Quality of life by procedure performed

Procedure

N=

Stapedectomy

221 102
(46.2%)
17 5
(29.4%)
11 5
(45.5%)
5
8
(62.5%)
42 11
(26.2%)
230 60
(26.1)
2
4
(50.0%)
32 13
(40.6%)
2
9
(22.2%)
74 26
(35.1%)
77 25
(32.5%)
18 4
(22.2%)
76 23
(30.3%)
1
4
(25.0%)
27 13
(48.1%)
19 6
(31.6%)
869 303
(34.9%)

Revision Stapedectomy
Revision Ossiculoplasty
Revision Mastoidectomy
Tympanoplasty & Ossiculoplasty
Myringoplasty / Tympanopasty
Mastoidectomy & Ossiculoplasty
Revision Ossiculoplasty,
Mastoidectomy & Tympanoplasty
Mastoidectomy, Tympanoplasty
& Ossiculoplasty
Revision Myringoplasty /
Tympanoplasty
Revision Tympanoplasty &
Ossiculoplasty
Ossiculoplasty
Mastoidectomy & Tympanoplasty
Revision Mastoidectomy &
Ossiculoplasty
Revision Tympanoplasty &
Mastoidectomy
Mastoidectomy
Total

Returns Mean Mean
Mean
Mean
Total General Support Physical
Score Score
Score
Score
23.4

33.7

7.4

-2.0

22.8

34.2

3.3

-3.3

26.7

34.2

3.3

20.0

23.9

22.5

26.7

26.7

16.4

22.0

10.6

0.0

17.6

21.0

7.2

14.4

13.9

20.8

0.0

0.0

15.2

19.9

6.4

5.1

13.9

16.7

0.0

16.7

14.3

16.4

14.1

5.8

13.6

13.8

16.0

10.7

4.2

8.3

4.2

-12.5

1.9

1.8

8.0

-3.6

2.8

0.0

50.0

-33.3

4.5

-1.3

15.4

16.7

-7.4

-7.6

2.8

-16.7

Shaded boxes highlight negative scores

61

Table 11 Quality of life by surgery category

Surgery Category

N=

Returns

Mean
Total
Score

Mean
Mean
General Support
Score
Score

Mean
Physical
Score

Stapedectomy
No drilling or ossicular manipulation
Ossicular manipulation
Drilling and ossicular manipulation
Drilling

238
304
148
49
130

107
(45.0%)
86
(28.3%)
45 (30.4%)
18 (36.7%)
47 (36.2%)

23.3
16.6
14.9
14.2
3.8
P=0.020

33.7
19.6
17.5
18.5
2.0
P=0.001

-2.0
11.8
7.0
3.7
3.5
P=0.022

Shaded boxes highlight negative scores
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7.2
9.3
12.2
7.4
11.3
P=0.771

QoL Total Score

Sensorineural Change vs Total Score

R² = 0.006
-60

-40

-20

120
100
80
60
40
20
0
-20 0
-40
-60
-80

20

40

Sensorineural Hearing Change (dB)
Figure 7 Postoperative sensorineural hearing change versus total score
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QoL General Score

Sensorineural Change vs General Score

R² = 0.0036
-60

-40

-20

120
100
80
60
40
20
0
-20 0
-40
-60
-80
-100

20

Sensorineural Hearing Change (dB)
Figure 8 Postoperative sensorineural hearing change versus general score
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40

QoL Support Score

Sensorineural Change vs Support Score

-60

R² = 0.0008

-40

-20

120
100
80
60
40
20
0
-20 0
-40
-60
-80

20

40

Sensorineural Hearing Change (dB)
Figure 9 Postoperative sensorineural hearing change versus support score
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Sensorineural Change vs Physical Score
150

QoL Physical Score

100
50
R² = 0.0156
0
-60

-40

-20

0

20

-50
-100
-150
Sensorineural Hearing Change (dB)

Figure 10 Postoperative sensorineural hearing change versus physical score
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40

and postoperative sensorineural hearing loss

Revision Stapedectomy
Stapedectomy
Revision Ossiculoplasty, Mastoidectomy & Tympanoplasty
Myringoplasty / Tympanoplasty
Tympanoplasty & Ossiculoplasty
Revision Myringoplasty / Tympanoplasty
Mastoidectomy, Tympanoplasty & Ossiculoplasty
Revision Tympanoplasty & Ossiculoplasty
Ossiculoplasty
Mastoidectomy & Tympanoplasty
Mastoidectomy
Revision Ossiculoplasty
Mastoidectomy & Ossiculoplasty
Revision Tympanoplasty & Mastoidectomy
Revision Mastoidectomy
Revision Mastoidectomy & Ossiculoplasty
N/A, Data not available

5.6
16.0
5.6
14.0
21.3
10.3
8.3
15.3
16.7
1.0
-2.8
47.2
36.1
37.0
37.5
2.8 N/A

34.3
31.3
21.2
20.7
14.6
15.7
19.4
13.3
0.0
2.4
-8.3
-4.2
-8.3
-6.6
-30.6

8.3
24.0
7.5
17.0
27.8
13.7
16.7
18.8
20.8
0.0
0.0
65.3
54.2
20.8
34.4
0.0 N/A

51.4
44.2
27.6
24.5
19.8
17.4
16.7
12.8
4.2
2.8
-9.2
-12.5
-12.5
-15.1
-25.0

0.0
5.3
-6.7
7.1
11.1
21.4
0.0
16.7
16.7
8.3
-50.0
5.6
0.0
20.0
41.7
50.0 N/A

5.6
9.5
14.6
7.3
10.4
11.4
0.0
15.9
0.0
7.8
13.3
0.0
0.0
12.5
-33.3

0.0
-5.0
10.0
8.9
5.6
-14.3
-16.7
0.0
0.0
-2.1
33.3
16.7
0.0
30.0
45.8
-33.3 N/A

-5.6
1.4
2.1
19.3
-2.1
13.2
50.0
12.7
-16.7
-4.4
-26.7
25.0
0.0
8.3
-50.0

Table 12 Quality of life scores by procedure and postoperative sensorineural hearing loss
Procedure
Mean
Mean
Mean
Mean
Mean
Mean
Mean
Mean
Total
Total
General
General
Support
Support Physical Physical
Score
Score
Score
Score
Score
Score
Score
Score
with
without
with
without
with
without
with
without
POSNHL POSNHL POSNHL POSNHL POSNHL POSNHL POSNHL POSNHL

Table 12 Quality of life scores by procedure
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Pure Tone Average Change vs General
Score
150
QoL General Score

100
50

R² = 0.1212

0

-40

-20

0

20

40

-50
-100
Pure Tone Average Change (dB)

Figure 11 Postoperative pure tone average change versus general score
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60

80

QoL Total Score

Time Since Operation vs Total Score
120
100
80
60
40
20
0
-20 0.0
-40
-60
-80

R² = 0.0045

50.0

100.0

150.0

200.0

Time since operation (Months)

Figure 12 Time since operation versus total score
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QoL Total Score

Age at Operation vs Total Score
120
100
80
60
40
20
0
-20 0
-40
-60
-80

R² = 0.0001

20

40

Age at operation (Years)

Figure 13 Age at operation versus total score
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Table 13 Gender quality of life responses

Gender

N=

Female
Male

159
144

Total
Score
52.5%
47.5%

General Support Physical
Subscale Subscale Subscale

18.9
23.9
14.1
18.8
P=0.815 P=0.807

10.8
7.4
P=0.844

6.8
1.9
P=0.777
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4.4

Discussion

This study supports our hypothesis that postoperative inner ear harm, as identified by a
>10 dB at 4 kHz SNHL, is not associated with patient QoL for our patient cohort studied.
This was not surprising, as operations to restore hearing usually aim to improve the
conductive component of a hearing loss. Only cochlear or brainstem implantation are able to
improve the sensorineural component. Provided overall AC improves, a POSNHL may well
remain unnoticed. Indeed if this study had demonstrated a significant correlation with
POSNHL, alternative explanations for why the patient noticed this would need to be explored.
Markers of inner ear function which patients are aware of could include imbalance or
tinnitus.140 Guyot’s cases of impaired QoL following stapedectomy were evidenced by a
vestibular deficit in addition to a POSNHL. 298
Our data provides no evidence that POSNHL per se matters to the patient cohort
studied, so then should it matter at all? Despite not noting an overall change for the group,
there were subgroups of patients who appeared to have poorer QoL outcomes when they
sustained a POSNHL. Stapedectomy, revision stapedectomy, tympanoplasty and
ossiculoplasty all have improved hearing as one of the primary goals of surgery and all had
poorer QoL outcomes when associated with POSNHL. It is possible that in these groups those
who sustained a POSNHL had their optimal hearing outcome compromised. Even though
their hearing may have improved overall, they may not derive as much QoL improvement
from their surgery as someone without a POSNHL who is given the opportunity to improve
their AC even more. A POSNHL limits the optimal hearing outcome not just from the current
surgery, but also for further operations, especially if they sustain additional POSNHL. Even
after stapedectomy, otosclerosis is a progressive disease and many patients will require
hearing aids in the long term. POSNHL limits the maximum aidable volume and compounds
underlying SNHL from presbyacusis. Furthermore, the imperative to do no harm means
POSNHL is still an issue for the surgeon. The harm may be hidden, but the patient has been
harmed nonetheless.
We show that a much stronger influence on QoL is a change in PTA. This is
understandable as PTA is the average of AC tones, which in turn are a marker of every day
hearing. Morzaria similarly found higher GBI scores were associated with improved AC when
the air-bone gap (ABG) was closed.328 While PTA was a statistically significant QoL variable
in our study, the level of correlation was still quite low. This is likely to be because real world
hearing does not occur in a sound-proof room with one frequency at a time and no
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background noise. The PTA also only assesses frequencies as high as 3 or 4 kHz, and takes no
account of the higher frequencies which are necessary for the temporal integration of
speech.32-35 Subramaniam, when reporting on QoL following small fenestra stapedotomy,
found 32% of patients still experienced a marked degree of handicap after surgery, despite
many of them having adequate closure of their ABG.329 Another explanation may be
alteration in sound perception due to changed middle ear anatomy. In stapes surgery, cutting
the stapedius tendon and abolishing the stapedius reflex makes the patient more susceptible to
loud noises,140 and the patient may experience sound distortion due to the “loose wire
syndrome”.330 Speech discrimination scores may be a more valid indicator of postoperative
QoL.6 Testing in the presence of background noise may even more closely reflect everyday
hearing ability.
An important finding in this study is that postoperative QoL seems to be closely related
to the patients’ perception of hearing postoperatively. Mastoidectomy patients reported a
mean deterioration in all scores, with the exception of the support subscale. An explanation
for this may be that hearing is a secondary goal behind providing patients with a clean, safe,
and non-discharging ear.96 Indeed, in the process hearing will often get worse as diseased
ossicles are removed.96 Despite now having an ear which no longer embarrasses them with
offensive discharge, many patients still feel that their overall QoL is worse when their hearing
has either not improved or has deteriorated (see Appendix G Patient comments on the GBI).
The earliest most commonly used tool for measuring hearing handicap was the Hearing
Handicap Scale by High in 1964.331 Since then, there have been other tools for qualifying
patient QoL, but these mostly focused on hearing aid benefit,314-317, 332 and none were well
suited to assessing QoL change following surgical intervention. The GBI has been used by
many for this purpose. There is an abundance of data on GBI utility in CI305-309 and
BAHA,310-311 but less on other otological interventions. In stapedectomy, the GBI correlates
well with the Hearing Disability and Handicap Scale (HDHS) speech component in noting
improved QoL following surgery.329 It is important to acknowledge, however, that as with all
QoL measures there is no gold standard against which to measure a person’s perception of
their own QoL in the form of a survey. Two patients with an identical score may not feel
exactly the same about their overall QoL, and so a score may be clinically significant for one
patient but not the other. Conversely, statistical significance refers to whether two values are
likely to be different due to chance alone. Different scores from a validated QoL tool do
however allow for patient-oriented outcome judgements between different interventions.
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By means of comparison with our mean score data in Table 10, adults and adolescents
with recurrent tonsillitis have mean total GBI scores ranging from 11.6 to 27.5.333-337
Functional endoscopic sinus surgery had scores of 22.6 and 25.2 in cohorts of 82 and 143
patients respectively.338-339 Seventy-eight rhinoplasty patients showed a mean score of 20.0,340
but septal surgery had a much lower mean score at 11.3.341 Relatively high mean scores were
seen in dacrocystorhinostomy324 and submandibular duct repositioning342 at 32.7 and 33
respectively. The mean total score for the BAHA publication above by Perumkulam was also
relatively high at 31.0. The highest scores were seen in CI with a mean total score of 41.0 in
thirty six patients.309
4.4.1

Limitations of present study

Inherent in any retrospective questionnaire are problems with response rates and
responder bias. This study in particular had quite a poor response rate at 39%, even before
those with incomplete questionnaires were removed. Possible reasons for this lie in study
design and in unpredictable events. By inviting patients as far back as twelve years ago, there
was a time from operation confounder with an increasingly large proportion of patients who
had changed their contact details, or who simply could not remember specifics of their
situation so long ago. This creates potential for responder bias where patients with particularly
good, or particularly poor surgical outcomes over represent those who did not.
A methodological weakness which applies less to the current chapter and more to the
thesis as a whole was the inclusion of excluded patients from Chapter Three based on time
between surgery and audiometry. This inclusion had the advantage for the current chapter of
increasing the pool of potential responders, but despite there being no significant difference in
POSNHL rates for patients with out of date audiometry, comparisons between the chapters is
subsequently limited as they are different populations.
Further hampering analysis was the incomplete matching of PTA data with previously
collected patient information. The initial audit to capture pre- and postoperative 4 kHz BC
data was an extremely thorough process which took several months. The concept of a QoL
study evolved as the thesis progressed and unfortunately time limitations did not permit such
exhaustive re-review and chasing down of patient charts. Charts which were not available on
a first review of medical records were not pursued. This does nothing to undermine the
validity of POSNHL associations, but further work is required to comment on the strength of
PTA associations given the limited data.
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The response rate was almost certainly reduced by the 7.1 magnitude earthquake which
shook Christchurch on the fourth of September 2010. This event disrupted many people’s
lives with many having to move out of their homes. It is likely that a questionnaire about ear
surgery took a low priority. For analysis, we make the assumption that those who returned
questionnaires were representative of the group who did not. This assumption is less well
founded with low response rates and decreases the external validity of this study.
The GBI was designed to be administered only postoperatively so it was not possible to
compare change with preoperative scores. The gold standard would have been to measure the
same population twice, but this was not practical for a study which spanned twelve years.
Patient feedback about the GBI showed some patients took exception to some questions or
felt they did not address their situation, especially if their ear was now dry but their hearing
had not improved. Other responders felt there was not enough space to explain their answers
(Appendix G Patient comments on the GBI).
4.4.2

Strengths of present study

Despite having poor response rates, the number of complete responses was high at 303,
with a third of these being stapedectomy patients. The advantage of a retrospective
questionnaire is this ability to gather data from a large number of patients. Grouping
procedures into categories (Table 11) allows for comparison of QoL outcomes with different
classes of surgery, and the different risks associated with these different operations. Grouping
also increases the power of these observations. This appeared to be the first study which had
tympanoplasty, ossiculoplasty or mastoidectomy outcomes assessed by GBI (Appendix E
Otologic surgical procedures Quality of life search).
Follow up of non-responders by phone call increased our response rate by identifying
whether questionnaires arrived at the correct address or not. Simply resending to the same
address would have been less reliable as some contact details were twelve years old and may
have changed during the intervening period. It was important to identify this group of patients
who were not able to be contacted, as they are different to the group who received the
questionnaire, but failed to complete and return it. If the proportion who were unable to be
contacted were removed, our response rate would come up to a much more reasonable 53.5%.
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4.4.3

Areas for future research

While this study does not support POSNHL having a detrimental impact on the cohort
of all patients undergoing middle ear surgery, there were groups who were noted to have
poorer QoL outcomes in association with POSNHL. Further research may focus on these
groups of patients who may have their optimal AC hearing, and subsequent QoL, impaired
with a POSNHL. This was most evident in patients undergoing stapes surgery and it would be
useful if future study identified this group at the outset of research and focused on them alone.
There is much still to be explained in the associations between otology surgery and
QoL, as our r2 values were relatively low. Other possible QoL correlations in otology may be:
1. Change in frequency of aural toilet in the cases of chronic ear disease
2. Return to social water exposure for tympanic membrane perforations
3. Association with speech audiometry for more meaningful hearing outcomes
4. Hearing in the other ear, especially for cases of bilateral preoperative hearing loss
As noted above, the GBI has been compared with the HDHS314 but it would also be
useful to compare the GBI with other otology QoL scales such as the COM-5 for chronic
otitis media, or the Short Form-36 (SF-36) which has been used to assess other surgical
interventions. However, adding questionnaires decreases response rates further and the GBI
alone was chosen for this study because it was a single administration, retrospective
Otolaryngology questionnaire which could assess QoL outcomes for patients undergoing the
full spectrum of middle ear surgery. Future studies should assess a larger number of patients
over a shorter period of time, have a higher response rate, and use targeted pre- and
postoperative questionnaires on a more clearly defined patient population. Finally, if
POSNHL is important to surgeons, as we suggest it is, it would be worthwhile investigating
surgeons’ opinions and values on this point.

4.5

Summary

This study was not able to show an association between POSNHL and QoL. There may
be stronger association for particular sub-groups such as stapes surgery. PTA and surgery
category are much better predictors. Hearing appears to be more important to patients than a
safe, dry ear. Patients without additional inner ear symptoms such as tinnitus or imbalance
tend to be unaware of postoperative harm. POSNHL should still be important to surgeons.
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CHAPTER 5 VEMP and High Frequency Audiometry
5.1

Introduction

The incidence of inner ear harm following middle or inner ear surgery depends on the
sensitivity of the tool used to qualify that harm. Hearing thresholds at 4 or 8 kHz are
considered high-frequency thresholds, but it is possible to measure up to 20 kHz using a
specialised EHF audiometer.28 Measuring these extended high frequency thresholds pre- and
postoperatively may be a more sensitive indicator of operative harm than the conventional
lower frequencies.8, 29 Our retrospective review in an earlier chapter showed a POSNHL
incidence of 8.3% at 4 kHz, so we would expect a higher incidence when measuring the
higher frequencies. It is common practice to inform patients undergoing middle ear surgery of
a POSNHL risk of up to 5%.156, 191, 202-203
Hearing is only one of the functions of the inner ear which can be tested after surgery.
Postoperative balance impairment has also been noted,48, 50, 58, 278, 343-344 but until recently
testing of vestibular function has been limited to assessment of the semicircular canals. The
VEMP is a reflex mediated by the linear acceleration detectors of the inner ear, the utricle and
saccule, collectively known as the otolithic organs. 345 When stimulated, this reflex evokes
muscle contractions in the head and neck which can be measured. 66 A tap to the midline skull
is enough stimulus to generate the reflex, and is well associated with reflex contraction of the
inferior oblique muscles.71 This is known as an oVEMP. Tap-oVEMPs have not previously
been used to evaluate the inner ear effects of middle ear surgery. Preoperatively there should
be a symmetrical response. The oVEMP is a crossed response, so if there is operative trauma
to the inner ear, the expected decreased reflex from the ipsilateral vestibular system is
manifest in the contralateral oVEMP postoperatively.
Our hypothesis was that if there was decreased inner ear auditory function
postoperatively as measured by EHF audiometry, then there would also be a drop in
vestibular function as manifested by a decreased VEMP response. It was expected that in
some patients this deterioration would be temporary, but in others it would be permanent.

77

The methods formulated to test this hypothesis were to prospectively:
1. Measure EHF audiometry on patients undergoing middle ear surgery preoperatively
and over the course of several months postoperatively to evaluate surgically-induced
cochlear dysfunction
2. Perform oVEMPs on the same population over the same time period to evaluate
surgically-induced otolithic dysfunction
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5.2

Methods

This was a prospective observational study conducted through the Department of
Otolaryngology Head and Neck Surgery, Christchurch Hospital in association with the
Department of Communication Disorders at the University of Canterbury. Patients scheduled
for middle ear surgery at Christchurch Hospital, St Georges Hospital, or Southern Cross
Hospital, Christchurch were invited to participate. Ethics approval was obtained by the Upper
South B regional ethics committee (Ethics Reference No: URB/09/07/029).
Inclusion criteria were:
1. Over sixteen years of age
2. Scheduled to undergo middle-ear surgery including
a. Stapedectomy / Stapedotomy
b. Tympanoplasty / Myringoplasty
c. Ossiculoplasty
d. Mastoidectomy – later added as inclusion to assess role of bone drilling
3. Preoperative BC hearing better than 50 dB
4. Available for repeat audiometric and balance assessment
5. No other disorders which might affect the auditory system
Children under sixteen were not included in this study, as VEMP testing requires a cooperative patient and this could not be guaranteed for the several postoperative visits required.
Exclusion criteria were:
1. Skull base surgery
2. Myringotomy +/- ventilation tube insertion
These exclusion criteria were to remove minor operations which are not known to be
associated with any significant POSNHL, and major operations which may induce SNHL by a
variety of mechanisms, including centrally.
At preadmission assessment, patients were informed of the study, given an information
sheet, and invited to participate. Patients who agreed signed a consent form at the end of the
consent process. Baseline preoperative data included age, sex, and previous surgery.
In addition to standard air and bone conduction testing, all patients underwent bilateral
extended high-frequency audiometry up to 16 kHz within a month prior to their surgery.
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5.2.1

Audiometry technique

This technique is a summary of the audiometry technique outlined in the Masters thesis
of Melissa Babbage. Thanks go to Miss Babbage for performing most of these audiograms.
Conventional and EHF pure-tone audiometry assessments were performed with patients
sitting comfortably in an audiometry room which fulfilled the criteria of ISO 8253-1 (1989) in
the Audiology Department at Christchurch Hospital. Pure-tone thresholds in decibel hearing
level (dB HL) were determined using the modified Hughson-Westlake technique346 with a
calibrated diagnostic audiometer, the GSI 61 (Grason-Stadler, Eden Prairie, Minnesota, USA).
Air-conducted stimuli were presented to each ear using either ER-3A insert earphones
(Etymotic Research Inc., Elk Grove Village, Illinois, USA) or TDH-39 supra-aural
headphones (Telephonics Corporation, Farmingdale New York, USA) for conventional
audiometry, or Sennheiser HDA200 circumaural headphones (Sennheiser electronic GmbH &
Co. KG, Wennebostel, Germany) for EHF audiometry. Each patient’s AC thresholds were
measured in 5 dB steps at half-octave frequencies from 0.25 - 8 kHz in each ear. AC
thresholds at interoctave frequencies (750, 1500, 3000, and/or 6000 Hertz [Hz]) were also
tested if there was a threshold difference of 20 dB or more between adjacent octave
frequencies. EHF thresholds were measured in 5 dB steps at 1/6th octave steps from 9 kHz to
16 kHz (9, 10, 11.5, 12.5, 14, 16 kHz) in each ear. “No response” was recorded when the
patient did not respond to a tone presented at the limits of the audiometer for the frequency
and ear being tested. Where AC thresholds were 20 dB HL or greater at any frequency(s)
from 0.5 - 4 kHz, BC thresholds were measured at the relevant frequency(s) using a Radioear
B-71 bone conductor (Radioear Corporation, New Eagle, Pennsylvania, USA). AC masking
was applied when the difference between the AC thresholds in the test ear and the AC or BC
threshold in the non-test ear exceeded the minimum interaural attenuation values at the
frequency being tested. Minimum interaural attenuation values used are shown in Table 14.347
Bone conduction masking was also applied when an ABG of 15 dB or greater was present.
POSNHL was defined as a postoperative BC increase of >10 dB at 4 kHz. This was
extended to EHF audiometry with postoperative deterioration of >10 dB at the highest
recordable frequency. As EHF was AC only, the change in ABG across an average of 0.5, 1, 2
and 4 kHz was taken as an indication of the sensorineural nature of EHF hearing loss. With
closure of the ABG at lower frequencies, any EHF deterioration was assumed to be
sensorineural, as a worsening CHL would conversely widen the ABG.
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Table 14 Minimum Interaural Attenuation Values (dB)

Frequency (Hz) 125
Supra-aural
35
Insert
75

250
40
75

500
40
75

1000
40
75

2000
45
50

4000
50
50

8000
50
50
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5.2.2

VEMP technique

This technique was developed by Dr Robert Patuzzi of the University of Western
Australia, and was modified by Dr Greg O’Beirne of the University of Canterbury’s
Department of Communication Disorders.
Patients were asked to remove their glasses if they wore them usually. The testing was
performed with the patient seated in a chair. The area of skin below each eye extending onto
the cheeks was cleaned with an abrasive tape (Red Dot Trace Prep, 3M, St Paul, Minnesota,
USA) and a70% isopropyl alcohol and 2% chlorhexadine skin preparation swab (Reynard
Health Supplies, Palmerston North, New Zealand). Signal electrode gel pads (Ambu Blue
Sensor N, Ambu, Copenhagen, Denmark) were placed below the centre of the eye on the
inferior orbital rim of both lower eyelids, with reference electrode pads placed 15 – 30 mm
below (Figure 14, photo taken with consent). The electrodes were connected to a signal
processing device (Figure 15) and then to a portable laptop computer (model nw9440, HP
Compaq, Hewlett-Packard Company, Palo Alto, California, USA).
We recorded the tap stimulus to the nasion with a piezoelectric transducer attached to
the dorsal aspect of the investigator’s middle finger proximal phalynx by a Velcro strap
(Velcro incorporated, Manchester, New Hampshire, USA). With the proximal interphalangeal
joint flexed to ninety degrees, and the distal interphalangeal and metacarpophalangeal joints
extended, the transducer was aligned perpendicular to the tap direction so as to produce
maximal signal for each tap (Figure 16). The intensity was varied to produce a spectrum of
VEMP responses from a very light touch, through to a firm percussion tap. The tap rate was
approximately two per second. The cable was secured to the wrist with a Velcro strap.
Each piezoelectric recorded tap had a similar shaped waveform, with only the amplitude
of the signal changing to reflect changes in tapping intensity. This information was displayed
in the software window and allowed the investigator immediate visual feedback on the
adequacy and uniformity of taps. Early testing using a Kingstate KPEG163 piezoelectric
transducer (Kingstate, Tamshui, Taiwan) showed an unexpected degree of variability in
responses. It was felt this was probably due to the piezoelectric transducer being too small,
and therefore, insensitive. This was replaced with a larger transducer (Kingstate KPEG827,
Tamshui, Taiwan) which gave much more consistent results.
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Figure 14 Electrode placement
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Figure 15 VEMP interface
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Figure 16 Tap transducer
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The data was calibrated to calculate the acceleration vectors of the taps as follows. A triaxis accelerometer (Dimension Engineering DE-ACCM3D, Akron, OH, USA) was attached
to the mastoid of a representative subject, and the nasion taps were delivered as described
above. The acceleration in the plane normal to the mastoid surface was used, as it peaked in
the first five ms following onset of the tap, and was therefore the stimulus most likely to
contribute to the n10 oVEMP response from the otolith organs. A regression formula was
calculated relating the peak voltage output from the piezoelectric transducer to the peak
magnitude of the acceleration in that plane.
The VEMP reflex occurs earlier than the blink or startle reflex, 63, 348-349 and so was able
to be easily differentiated from these. Patients were advised though, that if they needed to
blink that testing could be paused with a period of not tapping.
The high gain amplifier circuits in the testing apparatus were extremely sensitive to
background electromagnetic radiation, especially 50 Hz mains power. Testing was therefore
performed as far as practical away from other electronic equipment, and non-essential mainspowered electrical devices were switched off. The laptop itself ran off battery for patient
safety reasons as well as the fifty Hz noise. Custom-developed software, TapVEMP v1.0 was
developed by Dr Robert Patuzzi from the University of Western Australia. The program ran in
LabVIEW 8.2 (National Instruments, Austin, Texas, USA) and displayed the strength of each
tap, and also the sensing waveform the tap produced (Figure 17). The complete setup is
shown in Figure 18.
A VEMP is an inhibitory reflex,350 so the inferior oblique muscles were tensed by
asking the patient to look up and towards the midline. It was important that the upward and
medial gazing position of the eyes was the same with each test, as the amplitude of the
oVEMP is proportional to the degree of underlying inferior oblique stretch. 351-352 A variety of
waveforms can be measured in inferior oblique activity for a tap oVEMP, but the one which is
consistently known to come from the vestibular system is a negative deflection at ten ms,
termed the n10 response.353
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Figure 17 TapVEMP v1.0, running in LabVIEW
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Figure 18 Tap oVEMP complete assembly
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Recorded electrical activity was amplified by 1000x, or 60 dB, sampled at 5 kHz, and
bandpass filtered (10 –600 Hz) from 10 – 20 ms before to 50 – 70 ms after stimulus onset.72
The VEMP responses were gated into seven different degrees of amplitude, with firm taps
producing large VEMPs and lighter taps conversely showing a lesser VEMP. The software
averaged the VEMPs in each of the seven strengths to improve signal-to-noise ratios. In
general, twenty to thirty measurements were averaged in the mid-ranges of VEMP intensity
response, and ten to twenty measurements in the very large or very small responses. This
allowed adequate signal averaging and improved the validity of the VEMP response.
If the cause of the left sided smaller amplitude n10 is at the level of the vestibular
system, this could be interpreted as a weakness in the otolith organs on the right side, as an
oVEMP is a crossed reflex. The VEMP results may be expressed in terms of an asymmetry
ratio, calculated as:

Due to the crossed nature of the reflex, for a left sided operation, the operated VEMP
values were read from the right inferior oblique, and vice versa for a right sided procedure.
The values of each response were the averaged n10 amplitudes in microvolts (μV). A positive
ratio indicated a stronger n10 measured from the operated vestibule, and/or a weaker vestibule
on the non-operated side. The impact of surgery was assessed by change in asymmetry ratio.
The data from each test was saved with patient National Health Index identifier with date and
timestamp and could be opened into an Excel (Microsoft Corp, Seattle, USA) template
(Figure 19).
Postoperatively, patients underwent VEMP testing the evening of their surgery and day
one postoperatively. High-frequency audiometry was not done at this time due to audiology
services being unavailable. Balance and hearing tests were repeated at the patients’ first
postoperative visit which was generally ten days postoperatively. Further testing was done on
postoperative visits at one, three, six and twelve months. Descriptive statistical analyses were
performed with mean and standard deviations, as well as correlation coefficients.
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Figure 19 VEMP output data showing asymmetry ratio
Red right eye, Blue left eye, Green asymmetry ratio
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5.3

Results

Twenty five patients were enrolled in the study. Patient details are shown in Table 15.
There were ten females and fifteen males. Seventeen operations were on the right ear and
eight were on the left. The mean age of patients was 44.7 years; range 17 – 68.
A summary of the audiometric data collected at the first postoperative assessment is in
Table 16. Of the twenty five patients, twelve (48%) had missing audiometry data. Two cases
of POSNHL were detected in the sixteen patients with complete 4 kHz BC data (12.5%), and
five cases of POSNHL were seen in fourteen patients with complete high frequency
audiometry (31.3%). Those with a POSNHL in the lower frequencies also had an EHF loss.
Patients 14, 22 and 23 had an improved ABG postoperatively, which suggested their
EHF postoperative deterioration was indeed sensorineural in nature. Conversely, the ABG
change from 18.75 dB to 32.5 dB following Patient 10’s surgery indicated a CHL contributing
to their hearing loss. However, this patient went on to have recovery of their ABG to 20 dB at
day forty six, and to 17.5 dB at day sixty, with no corresponding change to the EHF loss of 25
dB, indicating they had sustained a SNHL as well.
Similarly, Patient 20 had a very large EHF deterioration associated with an ABG
increase from 17.5 dB to 36.25 dB. They had a POSNHL seen on four kHz BC, which
suggested that at least some of the high frequency drop was sensorineural. For this patient,
their hearing loss was only temporary. This 4 kHz TTS recovered to 10 dB at thirty two days
and 0 dB at sixty seven days. This was mirrored in the high frequencies with a 50 dB drop
initially, followed by recovery to 30 dB and 5 dB at thirty two and sixty seven days
respectively. Patient 22 had a similar TTS in the high frequencies with an initial drop of 15
dB at day nine, recovering to -5 dB at day forty three. In comparison, Patient 23’s high
frequency hearing loss was permanent.
The VEMP data is shown in Table 17. Eleven patients (44%) had incomplete VEMP
data. All patients who underwent VEMP testing had a recordable VEMP preoperatively.
Postoperatively, six patients had a decreased asymmetry ratio, indicating a potential
postoperative weakness on the operated ear. In patients who had both VEMP and audiometry
data, there was a poor correlation between VEMP changes and inner ear losses identified both
by conventional audiometry (r2 = 0.005), and by EHF audiometry (r2 = 0.05).
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Table 15 Patient information

Patient Sex Age Indication
1
F
67
Fixed stapes footplate
Previous mastoidectomy for
2
30
F
cholesteatoma
Previous mastoidectomy for
3
17
F
cholesteatoma
4
M
53
Otosclerosis
5
F
23
Tympanosclerosis
Previous mastoidectomy for
6
38
F
cholesteatoma
7
F
36
TM perforation
Previous mastoidectomy for
8
60
F
cholesteatoma

Operation
Exploratory tympanotomy
Revision tympanoplasty and
ossiculoplasty
Revision tympanoplasty and
ossiculoplasty
Stapedectomy
Stapedectomy
Revision tympanoplasty and
ossiculoplasty
Tympanoplasty

Side
R

Revision tympanoplasty

R

9

M

46

Chronic otitis media

L

10
11

F

52
36

12
13

M
M

63
54

14

M

31

15
16
17
18
19
20
21

M
M
M
M
M
M
M

54
38
65
42
20
42
39

22
23
23
25

F
M
M
M

63
28
52
68

TM perforation
Previous mastoidectomy for
cholesteatoma
Fixed incus
Previous mastoidectomy for
cholesteatoma
Previous mastoidectomy for
cholesteatoma
Chronic otitis media
TM perforation
TM perforation
Chronic otitis media
TM perforation
TM perforation
Previous mastoidectomy for
cholesteatoma
Otosclerosis
Otosclerosis
Cholesteatoma
TM perforation

Revision tympanoplasty and
ossiculoplasty
Tympanoplasty
Revision tympanoplasty and
ossiculoplasty
Ossiculoplasty
Revision tympanoplasty and
ossiculoplasty
Revision tympanoplasty and
ossiculoplasty
Tympanoplasty and ossiculoplasty
Tympanoplasty
Tympanoplasty
Tympanoplasty and ossiculoplasty
Tympanoplasty
Revision tympanoplasty
Revision tympanoplasty and
ossiculoplasty (PORP)
Stapedectomy
Stapedectomy
Mastoidectomy and tympanoplasty
Myringoplasty

F

R
R
R
L
R
R

R
R
L
R
R
R
R
R
L
L
L
R
L
R
L
R

F, Female; L, Left; M, Male; PORP, Partial ossicular replacement prosthesis; R Right, TM Tympanic membrane,
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Table 16 Postoperative audiometry results

Patient 4 kHz BC
Change
1
No post-op BC
2
Missing file
3
-10
4
+10
5
0
6
0
7
0
8
No audio file
9
-5
10
-5
11
-5
12
Missing file
13
-5
14
+15
15
No post-op BC
16
-15
17
-5
18
-5
19
Missing file
20
+20
21
Missing file
22
+5
23
0
24
Missing file
25
No post-op test

EHF Change
(dB)
+10

EHF Frequency ABG
(kHz)
8
No post-op
BC
16
26.25
13.75
12.5
22.5
11.2
Unknown*
8.75

Change in
ABG

10
+25
No pre-op EHF

12.5
11.2

35
32.5
18.75

+3.75
+13.75
-3.75

0
+25
Not tested
0
-5
+10

11.2
14

20
26.25

-20
-7.5

14
8
11.2

16.25
11.25
17.5

0
-3.75
-20

+50

8

36.25

+18.75

+15
+35

10
16

18.75
Unknown*

-15
At least -31.25

-5
Not tested
+5
-5
Not tested

+9.58
-28.75
-31.25
At least -21.25
+1.25

Threshold increase indicates hearing loss
ABG, air-bone gap calculated as average from 0.5, 1, 2 and 4 kHz; BC, bone conduction; dB, decibel; EHF,
extended high frequency audiometry
*No postoperative BC performed, as AC within 20 dB. However, postoperative BC cannot be worse than
postoperative AC, so minimum ABG decrease able to be calculated with no BC improvement assumed.
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Patient Pre-operative
Pre-operative non- Pre-operative
operated ear n10
operated ear n10
asymmetry
amplitude (μV)
amplitude (μV)
ratio
1+2
No pre-op VEMP
3
1.72
1.63
+2.9
4
No pre-op VEMP
5
1.20
1.00
+9.1
6
0.60
0.28
+35.6
7
No post-op VEMP
8
No patient record
9 + 10 No pre-op VEMP
11
0.64
0.65
-0.9
12
No pre-op VEMP
13
0.55
1.05
-31.3
14
0.95
1.00
-2.5
15
1.29
0.97
+13.9
16
No post-op VEMP
17
0.76
0.47
+23.6
18
0.38
0.99
-44.8
19
1.13
2.03
-28.5
20
0.13
0.63
-65.8
21
1.28
0.31
+60.5
22
0.46
0.52
-6.7
23
0.28
0.75
-45.6
24
No pre-op VEMP
25
No post-op VEMP
μV, microvolt; pre-op, pre-operative; post-op, post-operative

Table 17 VEMP results

Post-operative nonoperated ear n10
amplitude (μV)
0.73
0.77
0.81

0.65
0.47
1.76
0.89
0.49
1.24
0.63
0.65
0.95
8.87
0.45

Post-operative
operated ear n10
amplitude (μV)
1.22

94
0.72
0.98

1.16
1.10
1.62
0.70
0.80
1.10
0.68
0.51
1.22
0.28
0.24

+24.1
-6.1
+3.3
-11.8
+12.5
-51.3
-30.6

+40.4
-4.2
-12.3

+28.3

-3.5
+9.1

+25.0

+0.5
+38.8
+31.8
+54.0
-48.0
-44.6
+15.1

+71.7
-1.7
-26.2

+29.2

-12.5
-26.5

+22.1

Post-operative Ratio
asymmetry
Change
ratio

Table 17 VEMP results

The mean preoperative asymmetry ratio for the sixteen patients with valid preoperative
VEMP data was 2.93% (SD = 38.28). This large standard deviation around this mean
indicated a large degree of variation. The preoperative asymmetry ratio for operated versus
non-operated ears was 7.03% (SD = 37.71). Postoperatively, the mean asymmetry ratio was
2.05% (SD = 27.19). Postoperative VEMPs were performed within twenty four hours of
surgery in eighteen patients. The mean postoperative asymmetry ratio for these eighteen
patients was -5.01%, (SD = 26.78). In the nineteen patients with valid VEMP measurements
performed at least ten days after surgery, the final assessment was an average of seventy five
days after surgery (range 11 – 186 days), and produced a mean asymmetry ratio of -10.79%
(SD = 23.23). None of these tap oVEMP results were significant due to the large degree of
data variability.
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5.4

Discussion

This study investigated for the first time the association between finger tap oVEMPs
and middle ear surgery, and then correlated these data with EHF audiometry. We show that
EHF audiometry is a sensitive marker of inner ear depression following middle ear surgery,
with a POSNHL incidence of 31.3%. This is more than double the apparent incidence when
using a >10 dB at 4 kHz BC criterion (12.5%), and more than four times the 8.3% incidence
in our earlier retrospective study. In contrast, we found no evidence of vestibular suppression
following middle ear surgery when investigated with tap oVEMP.
VEMPs have traditionally been elicited by AC clicks or tone bursts, but AC generated
VEMPs have limited utility in assessing vestibular pathology when there is a pre- or
postoperative conductive hearing loss.354 Other methods of triggering a VEMP are
galvanic,355 BC,75, 356-357 or tapping.76, 356 Ocular VEMPs evoked by head taps at Fz require
fewer stimuli than auditory evoked VEMPs, and twenty to fifty taps are sufficient. 72 Tapping
centrally stimulates both vestibular centres equally and simultaneously, in contrast to AC
which must test each side individually. Our tap method for eliciting an oVEMP was unique
and had advantages over earlier publications, which used a tendon hammer with an inertial
trigger switch to elicit a VEMP.70, 76, 358 The differing intensities of finger tap produced
correlating different voltages in the piezoelectric transducer. This had an advantage over
earlier tap VEMPs where the trigger was an all or nothing event via the inertial switch. Our
taps evoked a quantifiable stimulus amplitude which could be correlated to the output VEMP.
Another contrast from earlier tap VEMPs was the location of the tap. Whereas Halmagyi
tapped the midline forehead through a small pad,76 our technique tapped the nasion. The
subcutaneous tissue was thinnest at this midline bony point, and meant there was less tap
signal attenuation by varying degrees of subcutaneous tissue thickness.
Interpretation of VEMP data in middle ear surgery is limited by incompleteness of
normative VEMP data on labyrinthine function. This is because VEMP is a relatively new
investigation and application of this test to specific situations has been only been performed in
a limited number of studies. Only a few other studies have looked at the influence of surgery
on VEMPs. Cochlear implantation can be traumatic on the vestibule as shown in a study by
Krause where fourteen out of thirty patients had a normal VEMP preoperatively, dropping to
only eight out of thirty postoperatively, with a further six out of sixteen patients with an
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abnormal VEMP preoperatively also sustaining a further loss. 359 Another paper noted VEMP
presence to drop from 64% to 22% after CI.360 The implication is that the least functioning
vestibule should be implanted.361 For the side which is operated on, there is evidence that
vestibular harm can be reduced by a round window approach cochleostomy as opposed to an
anterior approach. The former had VEMP losses of only 13%, but up to half of the anterior
approach patients lost their VEMP responses.362 Although CI insertion can be harmful to
vestibular function, when the CI is turned on it may re-establish some operatively abolished
AC VEMPs.363
Our VEMP findings are consistent with the literature which investigated the influence
of middle ear surgery on otolith function. Singbartl noted no deterioration of BC cVEMP for
those with a BC cVEMP present preoperatively.364 Furthermore, in 12% the BC cVEMP
reappeared after surgery, having been absent preoperatively. Another stapedectomy study
noted no change in BC cVEMPs in forty two patients, but there was the re-emergence of three
AC cVEMPs, consistent with restoration of the conductive hearing mechanism. 365 This study
noted no association between POSNHL on BC cVEMP activity. In chronic otitis media,
Wang showed AC cVEMP presence improving from 41.7% to 66.7% after surgery. 366
It may still be possible that middle ear surgery affects the function of the otolithic
organs and we are just not seeing this effect. This may be due to several features. Firstly, as
the vestibular system is phylogenically older than the cochlea, it may be more resilient to
insult.367 Our study is similar to the above publications in that there are relatively few patients,
and it is possible that we are yet to see a true incidence of vestibular harm as the rate is low.
Secondly, our methodology may be a limiting factor. Traditionally, VEMPs have been
measured from the sternocleidomastoid muscle. These are given the prefix c for cervical and
differentiate them from ocular oVEMPs. The oVEMP is a tenth the amplitude of the cVEMP,
and so it requires greater amplification.72 Any small oVEMP variability will be multiplied,
even if the variability was not significant. Additionally, the VEMP may be artificially
attenuated if the signal and reference electrodes are touching. And finally, test-retest factors
such as the variability in the upward eye gaze of the patient,66 or position of the piezoelectric
transducer relative to the plane of tapping by the investigator may have been confounding
variables. We also found a moderate amount of variability between test findings for the
contralateral and operated ears. This may be related to choice of oVEMP as an outcome
measure and it would also have been useful to compare our oVEMP findings with cVEMPs.
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The literature on EHF audiometry after middle ear surgery is even sparser than that for
VEMP. Mair and Laukli first reported AC EHF changes after tympanoplasty and
stapedectomy in 1986.30 Verbist in 1993 showed AC EHF audiometry was also depressed at
10 kHz and 14 kHz after mastoidectomy in twenty patients.368 The limitation with AC
audiometry following middle ear surgery is that an operation may produce a CHL, either short
term with a middle ear effusion following tympanoplasty or stapedectomy, or long-term
following mastoidectomy if the ossicles are disrupted.
To address this, Domenech measured BC up to 20 kHz in twenty four tympanoplasties
and showed a measureable loss in 37.5%, with an “important” loss in 16.7%. 29 None of these
patients had 4 kHz loss, and only one had a 10 dB loss at 8 kHz, highlighting the sensitivity of
the higher frequencies to cochlear trauma. This study did not utilise masking of the
contralateral ear, however, so more significant losses may have been hidden. In a further BC
EHF study, Hegewald examined BC up to 20 kHz on twenty five patients undergoing
mastoidectomy. They observed a significant TTS at multiple frequencies at forty eight hours
which normalised before thirty days in frequencies below 16 kHz. The highest frequency
above 16 kHz, however, had a loss which persisted at thirty days.8 Their study did not utilise
masking either. The EHF TTS seen in our study persisted longer than these other studies, with
one lasting more than two months before resolution.
Mair and Hallmo addressed these methodological limitations by measuring masked BC
up to 16 kHz following mastoidectomy.369 They chose to use mean frequency changes for the
forty six patients which lead them to believe that there was no significant association between
drilling noise and EHF change. The forty six patients were not a homogenous group, however,
as seven patients had less than ten minutes of drilling, and the other thirty nine had between
twenty and seventy minutes. While there was a mean deterioration of all frequencies from 4 –
16 kHz, this was found to be not significant. The mean change for the entire octave of 8 – 16
kHz was significant with a p-value of 0.02. The contralateral ear also had non-significant
mean deteriorations from 12 – 16 kHz, but the mean change for the octave on this side was
not significant. As our audit shows, this reporting of means alone may not show an individual
patient’s loss, which may have been more significant.
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5.4.1

Limitations of present study

Unfortunately one of the significant limitations of this study was missing data, and this
is very undesirable in a prospective study. One of the observed reasons for this was initial
audiometry was provided by clinic audiologists as part of routine peri-operative care. Despite
education about this study, some audiologists were unaware of the study protocol requirement
for BC and would not have tested this if AC were normal. Pre-operative VEMP was not able
to be done with some patients due to equipment malfunction, and post-operative VEMP was
not always easy to capture as some patients were sent home early, had changes to their follow
up due to earthquake or other reasons and the research team was not informed. Patient 25 was
lost to follow up post-earthquake. In our department the audiology notes are filed separately
from the ORL clinic notes, which are in turn separate from the patient’s inpatient clinical
record. Such fragmented filing with different demands on different documents may be one
reason why some notes were unable to be located and the data set was incomplete. Ongoing
study should have copies of all relevant study participant information in one place to ensure
complete data capture.
Our study utilised unmasked AC EHF, and this represents a significant limitation for
investigating POSNHL after middle ear surgery. Both a middle ear effusion and a TTS are
possible within the first month postoperatively, and the former is likely to hide the latter. We
were able to be compensate for this to some degree by assessing the ABG over the
conventional frequencies where BC was measured. This shortcoming is being addressed in the
ongoing project by obtaining a high-frequency bone conductor.
5.4.2

Strengths of present study

This was a prospective study with a sensitive tool to detect inner ear harm following
middle ear surgery. Comparing VEMP and high-frequency audiometry in the same population
after the same surgical intervention allows associations to be made between hearing harm and
vestibular injury.
This research represented a highly collaborative effort between ORL surgeons and
audiologists, so that clinical input can be related to audiological enquiry. This will help
surgeons to improve their outcomes and provides a testing ground for the impact of surgery
on tests of inner ear function.
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5.4.3

Areas for future research

More research is required on assessing the reliability and repeatability of VEMP in
response to middle ear surgery and standardising the stimulus and recording conditions. Other
research will continue to assess the influence of tap, audiologic, galvanic, and vibration
induced stimuli and how these are related to both oVEMPs and cVEMPs in middle ear
surgery.
This is an interim analysis of an ongoing project to gather baseline patient data on the
effects of middle ear surgery on inner ear function. More data will be gathered to help
establish normative population data. Further work will compare these findings with a control
group of patients undergoing a similar length of anaesthesia, such as sinus surgery, as
anecdotally some patients are dizzy following non-otological surgery and this may be an
effect of anaesthesia similar to postoperative nausea and vomiting.
Having established a sensitive marker of inner ear damage, we will then be able to more
closely investigate the effect of any interventions which may preserve inner ear function
postoperatively. Indeed, this study was the first stage of a larger project to examine the effect
of middle ear surgery on inner ear function. Having established baseline population data, the
next stage will be to investigate the protective effect of middle ear topical gel steroid on
hearing and balance following stapedectomy.

5.5

Summary

Inner ear function can be sensitively quantified by hearing function perioperatively.
EHF audiometry is a more sensitive marker of inner ear harm than conventional audiometry.
The finger tap oVEMP is a simple test of vestibular function which has the advantage of
being able to quantify the strength of tap. However, either the incidence of vestibular harm
following surgery is much lower than cochlear harm, or the tap oVEMP is not able to reliably
detect this harm.
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CHAPTER 6 Middle Ear Surgery Force Sensor
6.1

Introduction

Force transmitted to the inner ear during middle ear surgery is an often cited cause of
inner ear harm.20, 24, 27, 107, 117, 173, 181, 195, 200, 207, 229, 234-237 These forces involved in middle ear
surgery are significantly greater than the forces imparted during physiological hearing.
The physiological stapes movement is extremely small. The depression of the stapes
footplate during normal hearing depends on both the frequency, and the intensity of the
sound. A 1 kHz tone at an intensity of 0 dB, the threshold of hearing, displaces the stapes
footplate an estimated 0.3-3x10-9m.38 Whereas, an intensity of 80 dB under normal loading
will give a mean stapedial amplitude of about 1x10-6 m,238 a thousand-fold increase. However,
these numbers are dwarfed by the displacement associated with fenestration of the stapes
footplate, where the footplate may protrude up to one millimetre into the vestibule.38
The forces involved in ossicular manipulation are supra-physiological. Surgical
manipulation of the ossicles or tympanic membrane may not quite produce the displacement
of footplate fenestration, but they are certain to impart more movement than what the cochlea
is accustomed to. Thus, it seems a reasonable theory to assume such supra-physiological
forces may cause, or at least contribute to, a POSNHL.
The first step in exploring this relationship further is to quantify the forces applied to the
middle ear structures during surgery. Our hypotheses were that:
1) The applied forces during ossicular manipulation were measureable
2) Cadaveric specimens would be more rigid and require more force than live patients
3) Junior levels of operator would apply more force than consultants
To explore these hypotheses, the following methods were constructed:
1. Develop an instrument capable of measuring these applied forces
2. Trial the instrument on cadaveric temporal bones for troubleshooting
3. Gather normative data from live patients undergoing middle ear procedures of interest
4. Compare the results of cadaver experiments and live patients
5. Compare the forces generated by consultants and resident medical staff
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6.2

Methods

This was a prospective, experimental study divided into three phases. Phase I was
instrument design, Phase II was to ensure validity of the instrument by measuring ossicular
forces applied to cadaveric temple bones, and Phase III was performing those same
measurements on patients undergoing middle ear surgery.
6.2.1

Phase I - Instrument Design

Design considerations were that:
1. The instrument is as similar to equivalent standard operating microsurgical
instruments as possible, so as to reflect standard ergonomic operative usage
2. The tip of the instrument touching the patient is the same as existing surgical
instruments, so a standard operative technique can be used
3. The tips of the instrument are interchangeable, so that parts of the operation requiring
different instruments can still be measured with the same sensor
4. The sensor should be as unobtrusive as possible, so as not to limit operative field of
view
5. Forces should be rapidly measured in X, Y and Z planes, so that a maximum and total
applied forces can be reliably calculated
6. The sensor should be sensitive enough to measure very small forces, with an adequate
signal to noise ratio
7. The instrument needs to meet surgical standards and maintain operative sterility
Funding was granted through the University of Otago, Faculty of Medicine Research
Trust Awards for $11,000. Key to the project was finding a sensor which balanced the
requirements for small size with sensitivity. The most appropriate device identified was the
Nano-17 F/T Transducer (ATI Industrial Automation, Apex, North Carolina) (Figure 20). The
Nano-17 was at the time, the smallest commercially available six-axis transducer in the world.
The full specifications of the sensor are shown in Table 18. With the assistance of the Medical
Physics and Bioengineering Department at Christchurch Hospital, the sensor was incorporated
into the end of an instrument handle, with the 1.8m sensor cable coming out of the end of the
handle (Figure 21). A small hub was fashioned so that instrument tips could be used
interchangeably. The handle, including sensor hub, was 112 mm long x 18 mm diameter and
weighed forty grams.
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Figure 20 Nano17 F/T Transducer
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Table 18 Nano 17 Specifications

Calibration
Height
Diameter
Mass
Data sampling rate
Force range Fx, Fy
Force range Fz
Force resolution Fx, Fx
Force resolution Fz
Overload Fx, Fy
Overload Fz

SI-12-0.12
15 mm
17 mm
9.07 g
1 kHz
±12 N
±17 N
±1/1280 N
±1/1280 N
±350 N
±800 N

Fx, Fy and Fz represent forces in the x, y and z planes; g, Grams; kHz, Kilohertz; mm millimetres; N, Newtons
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Figure 21 Instrument handle, hub and chuck key
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The instrument tips required were those commonly used in ossicular chain
manipulation, namely a curved needle and an ISJ knife. Additional tips available included a
straight needle, a right-angled pick, and a sickle knife. These were fashioned from existing
Stortz (KARL STORZ GmbH & Co. KG, Tuttlingen) microsurgical instruments, as the bevel
on the instrument allowed for convenient attachment by a screw to the sensor hub with a
chuck key.
The assembled instrument was then plugged into the Nano17 Power Supply (Figure 22)
which connected via a data acquisition (DAQ) unit (Model USB-6251, National Instruments
Corporation, Austin, Texas) (Figure 23) to a laptop computer (Model number Tecra M9,
Toshiba Corp, Tokyo, Japan) through a universal serial bus (USB) 2.0 port. Sensor interface
and data acquisition (Figure 24) were through the ATIDAQFT.NET Demo software (version
number 2.0.3148.25574, ATI Industrial Automation, Apex, North Carolina), which came
proprietary with the Nano17 hardware. ATIDAQFT.NET then exported force and torque
values for X, Y and Z as a comma separated values (CSV) file which could be further
analysed within Excel (Microsoft Corp, Seattle). Torque was measured in Newton millimetres
(N-mm), and force in Newtons (N). The sensor sampled data at a rate of 1 kHz which
ATIDAQFT.NET averaged to 62.5 entries per second. Forces as low as 1/1280 N were able to
be reliably resolved. The complete instrument setup is shown in Figure 25.
6.2.2

Phase II - Cadaveric Data Collection

To verify the utility and reliability of the instrument, several measurements were taken
from six cadaveric temporal bones, and compared between different levels of operator.
The bones were prepared from cadavers embalmed in phenoxyethanol, and then stored
at four degrees Celsius. Each had a unique identifier and note was made of any differences in
procedure for each bone.
As the instrument was to be used for Phase III measurements on live patients, it needed
to be kept uncontaminated by cadaveric material. To achieve this, the handle and hub of the
instrument were placed in a plastic sheath which allowed the tips to be exchanged as required.
In this way, the only parts of the instrument to contact cadaveric material were the tips.
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Figure 22 Nano17 Power supply, with sensor (front) and DAQ (rear) cables plugged in
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Figure 23 National Instruments USB-6251 DAQ Unit
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Figure 24 ATIDAQF/T.NET Demonstration software
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Figure 25 Force sensor and interface assembled and operational
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Surgeons included a consultant otologist with eighteen years experience, an ORL fellow
with four years experience, and a junior ORL trainee who had no temporal bone experience.
Procedures of interest, in the order they were performed:
1. Palpation of incus
2. Palpation of malleus
3. Palpation of stapes
4. ISJ division
5. Incus dislocation
6. Positioning of a PORP
7. Down-fracturing of the stapes superstructure
For data collection, the surgeon verbally confirmed when the instrument was in place,
the sensor was zeroed, and then the surgeon palpated each ossicle three times with just
enough force to confirm mobility of the chain. This was defined as seeing the stapes footplate
move. Three palpations were done for each measurement so as to easily identify the peaks in
the data from the background noise, and to allow an average of the forces to be calculated.
Incudostapedial joint division, incus dislocation, and stapes crura down-fracturing could
not have three distinct impulses as they are destructive procedures. However, as they involve
larger forces it was clearly visible when the procedure was completed, as the peak force is
reached and rapidly returns to baseline (Figure 26). The larger forces were also visible for the
single push of PORP engagement.
Each recorded procedure was saved as a unique file with patient NHI identifier, surgeon
initials and name of procedure. ATIDAQF/T.NET automatically included the timestamp of
the procedure, X, Y and Z torque and force values. By knowing how many samples a second
the sensor outputs, and how many are averaged per entry in the CSV file, it was possible to
draw a graph of force in three axes versus time (Figure 26). The horizontal axis values in
Figure 26 represented time and came from the data entry lines in the CSV file. Each data
entry point represented 0.016 seconds.
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Figure 26 Stapes down-fracture in 0409/4
Note abrupt drop back to baseline at fracture point

112

Force Z (N)

Initially both torque and forces were graphed together; however, forces were not clearly
readable when on the same axis as torque (Figure 27). Subsequently, forces were graphed
separately (Figure 28). The three peaks corresponding to the discrete palpations were
identified, and the point where the curves returned to baseline was taken to be the beginning
of each subsequent period of observation.
Worksheets for calculating the average maximum force (Figure 29), and total applied
force (Figure 30) were constructed in Excel. The nomenclature to identify a cell in the
worksheet was letter followed by number. A drop down menu in C5 allowed specification of
the vector with the greatest deflection, and a further menu in B5 chose whether that deflection
was positive or negative. B13 to D15 allowed for correction of a baseline not at zero. The
averaged maximum force would then output in E11. For a worked example, please see
Appendix H Calculation of Average Maximum Force for Malleus Palpation and Appendix I
Calculation of Average Total Applied Force for Malleus Palpation. For procedures which did
not have three palpations, the peak force was found from the whole observation and was
calculated as if there were only Max Force A.
The total force employed during a procedure was given by the area under the curve for
each vector. As the sampling was so rapid, this was achieved by simply summing the absolute
values for each vector. This assumption was, however, only valid if the sensor was only
measuring forces at the tip of the instrument. A wandering baseline on the graph was seen if
there were other external forces. For example, if the surgeon inadvertently rested a finger on
the sensor hub, if any part of the hub or tip was resting against the canal wall, or if the plastic
sheath was not appropriately positioned over the hub. In these cases a correction could be
applied to measure the maximum force for any given palpation, but this wandering baseline
prevented summation of values to give a meaningful total force. Comparisons were made
between the six individual bones for inter-subject variability, and the three levels of surgeon
for inter-operator variability. This latter comparison was not possible for destructive
procedures such as ISJ division, incus dislocation or stapes crura fracture. All of these
destructive procedures were done by the most experienced operator. PORP placement was
performed by the consultant and the fellow only.
Descriptive statistics were performed with ANOVA and t-tests, with a significance level
of α=0.05. Analysis was performed in StatView (version 5.0.1, SAS Institute Inc., Cary,
North Carolina, USA).
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Figure 27 Torque and force on same axis for cadaveric malleus palpation 0330/4
Note predominance of X & Y torque making X, Y & Z force appear as flat lines
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Figure 28 Same data as Figure 27, but with only forces graphed
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6.2.3

Phase III - In Vivo Data Collection

The key issues for data collection in live patients were safety and sterility.
The Medical Physics and Bioengineering Department at Christchurch Hospital revised
the specifications of the instrument to ensure electrical safety and to check it complied with
the relevant protocols. The power supply for the DAQ unit was certified Class II. As there
was no approved power supply for the laptop, it ran off battery power during measurements.
Surgeons included two consultant otologists, a different ORL fellow to Phase II, and
three Registrars with varying degrees of otological experience. Ethics approval for Phase III
was obtained from the Upper South B Regional Ethics Committee (Ethics Reference No:
URB/10/EXP/011). All patients were given an information sheet prior to signing an informed
consent form. No procedures were performed which could potentially harm the patient. For
the most part, this meant that there were no additional measurements taken from procedures
which would not have otherwise been performed as a routine part of their surgery.
Similar to Phase II work, the instrument hub and handle had to be kept clean and could
not touch the patient or any body fluids. The primary reason for this was because the sensor
was unable to be sterilised by heat or chemicals. The instrument tips, however, were sterilised
between cases. As none of the tips had complex shapes or crevices, they had the additional
advantage of being able to flash sterilised to ensure a rapid turnaround between consecutive
cases.
The operating theatre teams at both Christchurch Hospital and St Georges Hospital were
familiarised with the study and helped to develop protocols for instrument use around patients
and to maintain sterility. Instead of the general plastic sleeve used in Phase II, the sleeve for
Phase III had to be sterile. We improvised an ultrasound probe sheath (CIV-flex Transducer
cover, Civco, Kalona, Iowa) by feeding the instrument handle all the way to the end of the
sheath, affixing the sheath to the handle with sterile rubber bands, and cutting a hole in the
end of the sheath so the tips could be inserted into the hub and fixed in place. Care was taken
to ensure the rubber bands held the sheath to handle but that they did not put pressure on the
hub.
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Initially, the hole was cut around the tip insertion and screw, however, this caused too
much interference from the sheath, and so later the hole was made flush with the base of the
hub. Sterile scissors were used to make the cut and were then placed aside as after contacting
the hub they were no longer sterile. After the sterile interchangeable tip was inserted and the
non-sterile screw tightened with the chuck key, the key was then submerged in a 100%
ethanol solution. As there were no gaps in the key, this allowed full alcohol penetration and
re-sterilisation. This meant the key could be used again if a different tip was required on the
same patient. The curved needle was the primary tip attachment used for palpation.
As in Phase II, the operator held the instrument at the handle and not at the hub. This
was good for sterility as the hand was further from the exposed end of hub, but it was also
optimal for ensuring less signal interference by not having accidental pressure applied directly
to the hub. At the end of the measuring procedure, the surgeon would change their gloves.
In the early stages of Phase III, the laptop was on the opposite side of the patient to the
ear being operated on, the sensor interface was modified so it could attach to the operating
table rails, and the scrub nurse would look after the instrument while it was not in use. Partly
to free up the scrub nurse to focus on the operation, partly to allow longer cable, and partly to
improve potential sterility issues, the theatre setup was modified. The laptop and sensor
interface were shifted to the head of the bed and the sensor set up on its own small sterile
trolley. The sensor was set up by the investigator so as not to distract the scrub nurse.
Comparisons were made with cadaveric measurements from Phase II. Descriptive
statistics included the ANOVA and two-tailed t-test, with a significance level of α=0.05. As
there were so few measurements from the surgical fellow, these were combined with the
registrar data. All analysis was performed in StatView (version 5.0.1, SAS Institute Inc.,
Cary, North Carolina, USA).
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6.3

Results
6.3.1

Phase I

We were able to produce a sensor instrument allowing progress to Phase II.Tthe signal
to noise ratio from the device was adequate for data collection. The design fulfilled the
requirements at the start of the project with regard to versatility, haptics, ease of use, and
validity of data. In addition, the design of the instrument allowed for the sterility of the
operating environment to be maintained, and kept the device from becoming contaminated by
bodily fluids. In designing the instrument, protection of the sensor was crucial as it was such a
sensitive device, and the force of attaching and tightening the tip needed to not be passed onto
the sensor.
6.3.2

Phase II

Of the six temporal bones in this study, there were three each from men and women.
They had a mean age at death of 78; range 64 - 87 years. The details for each temporal bone
are showed in Table 19. The average maximum and total cadaveric forces for each of the
recorded procedures are shown in Table 20 and Table 21.
Statistically significant differences were seen between different levels of operator and
how much force they applied, with more senior operators employing less force. In addition to
differences between operators, it was also noted that decreasing levels of force were required
to demonstrate stapes mobility the closer the palpation was to the stapes for both maximum
(p=0.0031), and total (p=0.0016) forces. This is supportive evidence for the attenuating effect
of the middle ear on ossicular motion outside the range of hearing.
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Table 19 Cadaveric Temporal Bone Details

Bone
Identifier

Gender

Side

Age at
Death

Comments

0330/4

Female

Left

64

0387/4

Male

Right

87

0406/4

Female

Right

84

0409/3

Male

Right

81

0409/4

Male

Left

81

0417/4

Female

Right

72

Mobile chain
Difficult non-dominant hand ISJ division
Narrow canal – Instrument had to rest on wall for ISJ
division
Stiff chain
Could not fracture stapes
Mildly stiff chain
Chain inadvertently mobilised by MB at end of
palpation, prior to ISJ division
Difficult stapes access, instrument rested on canal wall
but still could not fracture stapes
Non-dominant hand PORP placement
Curved needle up for malleus, down for incus
ISJ division with sickle knife, predominantly posterior
to anterior, with some left to right motion
Eroded ISJ
Moderately stiff chain
Fixed chain
Poor angle of access to stapes
Very stiff ISJ

ISJ, Incudostapedial joint; PORP, Partial ossicular replacement prosthesis
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1.245
0.364
0.382
1.351
0.324
0.263
0.655
Incus Dislocation (N)
Bone
Consultant
3304
1.326
3874
1.111
4064
0.992
4093
1.617
4094
1.101
4174
2.221
Average
1.395

ISJ Division (N)
Bone
Consultant
3304
1.865
3874
1.770
4064
1.042
4093
0.733
4094
0.900
4174
2.253
Average
1.427

Stapes Palpation (N/palpation)
Bone
Consultant
Fellow
Junior Registrar
3304
0.025
0.033
0.055
3874
0.033
0.052
0.102
4064
0.027
0.026
0.072
4093
0.024
0.050
0.083
4094
0.036
0.051
0.139
4174
0.038
0.081
0.076
Average
0.031
0.049
0.088
P=0.0007**
ISJ, Incudostapedial joint; N, Newtons; PORP, Partial ossicular replacement prosthesis; *P<0.05; **P<0.01

Bone
3304
3874
4064
4093
4094
4174
Average

Incus Palpation (N/palpation)
Consultant
Fellow
Junior Registrar
0.083
0.340
0.124
0.368
0.115
1.078
0.066
0.198
0.128
0.226
0.073
0.299
0.098
0.418
P=0.0433*

Table 20 Average Maximum Force, by surgical grade, cadaveric data
Malleus Palpation (N/palpation)
Bone
Consultant
Fellow
Junior Registrar
3304
0.196
1.044
0.376
4093
0.122
0.159
0.444
Average
0.159
0.601
0.410
P=0.5454

Table 20 Average

Maximum Force, by

surgical grade,

cadaveric data

Stapes Down-Fracture (N)
Bone
Consultant
3304
2.208
3874
2.008
4064
2.176
4093
1.305
4094
2.297
4174
3.699
Average
2.282

PORP (N)
Bone
Consultant
Fellow
3304
0.096
0.106
3874
0.339
0.103
4064
0.333
1.341
4093
0.062
0.126
4094
0.048
0.455
4174
0.307
0.487
Average
0.197
0.436

PORP (N)
Bone
Consultant
Fellow
3304
15.268
15.954
3874
86.963
30.364
4064
105.253
1158.632
4093
15.875
18.175
4094
10.956
204.357
4174
116.134
95.534
Average
58.408
72.877
Stapes Down-Fracture (N)
Bone
Consultant
3304
580.141
3874
78.988
4064
160.149
4093
121.915
4094
573.762
4174
1598.678
Average
518.939

ISJ Division (N)
Bone
Consultant
3304
4900.144
3874
1864.455
4064
335.781
4093
801.637
4094
242.265
4174
3613.583
Average
1959.644
Incus Dislocation (N)
Bone
Consultant
3304
966.916
3874
98.688
4064
351.360
4093
288.776
4094
150.005
4174
526.775
Average
397.087

Bone
3304
3874
4064
4093
4094
4174
Average

Stapes Palpation (N/palpation)
Consultant
Fellow Junior Registrar
1.529
0.580
1.779
3.590
1.519
2.694
0.431
0.850
5.187
Italics = inappropriate baseline, values ignored
1.150
1.043
2.200
0.747
3.054
2.605
0.788
3.889
4.698
0.929
1.823
3.194
P=0.0207*
ISJ, Incudostapedial joint; N, Newtons; PORP, Partial ossicular replacement prosthesis; *P<0.05; **P<0.01

Bone
3304
3874
4064
4093
4094
4174
Average

Incus Palpation (N/palpation)
Consultant
Fellow Junior Registrar
2.695 11.311
34.029
4.232 13.301
14.164
2.451 24.038
23.250
2.359
6.166
33.429
3.196 25.437
6.718
2.481
9.412
8.704
2.903 12.846
20.049
P=0.0086**

Table 21 Total Force, by surgical grade, cadaveric data
Malleus Palpation (N/palpation)
Bone
Consultant
Fellow Junior Registrar
3304
7.421 72.794
13.601
4093
4.549
4.262
17.550
Average
5.985
4.262
15.576
P=0.0864

Table 21 Total

Force, by surgical

grade, cadaveric

data
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6.3.3

Phase III

Nineteen patients were recruited and their details are shown in Table 22. A total of
seventy eight measurements were made, but unfortunately not all had useful data. The
breakdown of data with exclusions is shown in Figure 25. The most common reason that data
were not able to be analysed was because of extraneous forces on the sensor hub from the
surgeon’s hand, the canal wall, or from the sterile bag or rubber bands. These additional
forces appeared as alterations to the baseline of the recorded forces, or sometimes attenuated
the desired measurements completely. It appeared that the sensor signal was large enough for
the measurements we were making, and under normal situations the signal to noise ratio was
not a problem. Those cases of other forces on the hub, however, had too much noise and those
measurements had to be discarded.
The average maximum and total live patient forces for each of the recorded procedures
are shown in Table 23 and Table 24. The one stapedectomy case did not have crural fracture
measured as this was accomplished with laser. The other change from Phase II was that there
were no cases of PORP placing and replacing for different measurement on the same patient
by a different operator. This would have potentially compromised the hearing outcome for the
patient, so the prosthesis was only placed once and was done by the primary operating
surgeon.
Similar to the cadaver study, the force mean data showed a trend for increasing degrees
of force being applied by junior staff, but this was not significant, probably because of the
degree of heterogeneity within the registrar and consultant groups. These trends were not
significant for total applied force either. The mean force to test for ossicular mobility
decreased the closer the palpation was to the stapes footplate, but this was not significant for
either maximum (p=0.7843) or total (p=0.3703) forces, again due to the variability in the
operator groups.
In comparison to cadaveric ossicles, in vivo measurements generally required less force
to ascertain mobility of the ossicular chain, although one live patient had a fixed stapes
footplate and there were only small numbers of cadaveric malleus palpations (Table 25).
By knowing the sampling rate of 62.5Hz, it was possible to calculate the duration of a
palpation at approximately 0.5 seconds, or 2 Hz (Figure 32).
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Table 22 Patient and Operation Information

Patient
1
2
3
4
5

Age
42
70
42
44
59

6
7
8
9
10
11
12

75
14
29
8
13
16
69

13

72

14
15
16
17
18
19

53
24
38
53
12
75

Operation
Ossiculoplasty and tympanoplasty
Lateral temporal bone resection
Revision tympanoplasty
Revision tympanoplasty
Revision mastoidectomy and
tympanoplasty
Cochlear implant
Mastoidectomy and tympanoplasty
Stapedectomy
Cochlear implant
Revision tympanoplasty
Exploration for inner ear fistula
Revision mastoidectomy and
tympanoplasty
Revision mastoidectomy and
tympanoplasty
Mastoidectomy and tympanoplasty
Cochlear implant
Revision PORP and tympanoplasty
Revision tympanoplasty
Tympanoplasty
Mastoidectomy and tympanoplasty

Side
Left
Right
Left
Left
Right
Left
Right
Right
Right
Left
Right
Right

Indication/Comment

Chronic ear disease, previous
mastoidectomy
Hypermobile incus +/- rest of chain
Chronic ear disease
Otosclerosis
Fixed stapes

Right
Left
Left
Left
Right
Right
Left

Fixed incus

Significant tympanosclerosis

PORP, Partial ossicular replacement prosthesis
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78 Measurements
performed

8 No discernable
palpations on graph

1 Unable to divide ISJ

1 Unable to place
PORP

1 Unable to fracture
stapes

67 Measurements
processed

1 Wandering baseline
did not allow Average
Maximum Force
analysis
68 Measurements
appropriate for
Average Maximum
Force analysis
Figure 31 Data available for analysis
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9 Wandering baseline
did not allow Total
Force analysis

58 Measurements
appropriate for Total
Force analysis

Table 23 Average Maximum Force, by surgical grade, live patient data

Malleus Palpation (N/palpation)
Patient
Consultant Fellow
1
0.067
3
7
0.161
0.055
8
0.089
10
0.114
11
0.197
12
0.084
13
0.117
14
0.057
17
0.036
0.026
18
Average 0.102
0.040
P = 0.1844
Incus Palpation (N/palpation)
Patient
Consultant Fellow
1
0.150
2
0.109
4
0.174
6
0.017
7
0.084
0.177
8
0.088
9
0.054
10
11
0.203
12
0.072
13
0.083
14
0.119
15
0.110
17
0.037
0.066
Average 0.100
0.122
P= 0.2873

Trainee
0.312
0.529
0.076
0.127
0.128

0.122
0.025
0.134
0.182

Trainee
0.251
0.116

0.121

0.053
0.051

0.360
0.042
0.142

ISJ Division (N)
Patient
Consultant
12
1.325
Incus Dislocation (N)
Patient
Consultant
1
1.413
2
2.219
Average 1.816
PORP Placement (N)
Patient
Consultant
16
1.618

Stapes Palpation (N/palpation)
Patient
Consultant Fellow
1
0.053
2
0.070
5
0.358
0.142
7
0.067
0.231
8
0.143
9
0.058
10
11
0.100
12
0.112
13
0.214
15
0.078
16
0.107
17
0.025
19
0.054
Average 0.111
0.186
P= 0.7514

Trainee
0.520
0.044
0.079

0.093
0.054

0.038
0.138

ISJ, Incudostapedial joint; N, Newtons; PORP, Partial ossicular replacement prosthesis

127

Table 24 Total Force, by surgical grade, live patient data

Malleus Palpation (N/palpation)
Patient
Consultant Fellow
1
2.251
3
7
3.545
4.079
8
1.389
10
11
12
1.109
13
1.197
14
17
0.695
0.693
18
Average 1.698
2.386
P= 0.1317
Incus Palpation (N/palpation)
Patient
Consultant Fellow
1
4.344
2
2.330
4
4.339
6
0.772
7
1.473
2.171
8
1.597
9
1.460
10
11
12
1.191
13
1.060
14
1.420
15
4.976
17
0.520
3.289
Average 2.124
2.730
P= 0.0755

Trainee
33.612
35.161
3.892
8.197
3.112

2.448
0.629
3.539
11.324

Trainin
g
17.074
Registr
1.711
ar
2.539

3.751
3.668

7.132
0.550
5.204

ISJ Division (N)
Patient
Consultant
12
433.338
Incus Dislocation (N)
Patient
Consultant
1
582.847
2
765.800
Average 674.324
PORP Placement (N)
Patient
Consultant
16
1460.483

Stapes Palpation (N/palpation)
Patient
Consultant Fellow
1
1.033
2
2.179
5
15.741
5.047
7
1.194
8
3.704
9
1.196
10
11
12
2.274
15
1.188
16
6.029
17
0.464
Average 3.500
5.047
P= 0.2174

ISJ, Incudostapedial joint; N, Newtons; PORP, Partial ossicular replacement prosthesis
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Trainee
Registrar
33.386
0.766
2.264

15.025
2.880

1.086
9.234

Table 25 Cadaveric and Live Patient Forces Comparison

Force (N)
Mean Maximum Malleus Palpation (n=)
Mean Maximum Incus Palpation (n=)
Mean Maximum Stapes Palpation (n=)
Total Malleus Palpation (n=)
Total Incus Palpation (n=)
Total Stapes Palpation (n=)

Cadaveric
0.39 (6)
0.39 (18)
0.056 (18)
9.477 (5)
11.879 (17)
2.044 (17)

Live
0.14 (17)
0.115 (20)
0.124 (19)
7.198 (14)
3.212 (20)
5.651 (16)

P-value
0.0147*
0.0048**
0.0276*
0.6852
0.0016**
0.105

N, Newtons
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0.1
0.08
0.06
0.04
Force X (N)

0.02

Force Y (N)
1
14
27
40
53
66
79
92
105
118
131
144
157
170
183
196
209
222
235
248
261
274
287
300
313

0
-0.02
-0.04
-0.06
-0.08
Figure 32 Duration of single palpation
Each palpation approximates 0.5 seconds, equivalent to two Hertz
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Force Z (N)

6.4

Discussion

We have shown that it is possible to quantify the forces applied to the ossicular chain by
building a force sensor into existing microsurgical instruments. Some of these forces are
relatively large, especially for destructive procedures such as division of the ISJ where total
forces of 750 N or greater can be applied.
This is not the first time force measurements have been made in middle ear surgery;
however, it is the first time that the total applied force has been measured. Previously,
Berkelman developed a miniature microsurgical instrument tip force sensor capable of
measuring forces up to one N,370 but this has not been used in Otolaryngology. This sensor
would not have been practical for our study, as we showed the forces applied in middle ear
surgery can be up to three N. Bell used optical fibre force sensors with Fibre Bragg Grating
(FBG) built into microforceps to measure the force required to crimp a stapedectomy
prosthesis to the incus.371 Iordachita et al in a similar publication used FBG force sensing tool
in retinal surgery.372 In contrast with our instrument which measured forces in all three axes,
or degrees of freedom (DoF), the fibreoptic sensors are currently only capable of measuring in
one or two DoF, and therefore cannot calculate the total applied force.
Other researchers have investigated the forces involved in other disciplines of
Otolaryngology. Ross et al in a recent publication showed it was possible to measure some of
the forces important to functional endoscopic sinus surgery (FESS). 373 They showed that
forces of six N were required to breach the lamella of the ethmoid sinus complex, and that
higher forces were required to breach the skull base. In separate publications, Wagner 374 and
Waridel375 also measured forces in FESS, but they did not use surgical instruments to apply
force as Ross and this study did. All of the above studies were on cadaveric heads, and as we
show, cadaveric measurements do not necessarily represent true force requirements in vivo.
We are still some way off from establishing a causal relationship between force applied
to the ossicular chain and inner ear harm. The key component is what happens at the level of
the stapes footplate. With the exception of direct palpation of the stapes, most of the applied
forces in this study were oblique to the plane of ossicular movement. What really matters is
how far stapes is depressed, not the more lateral ossicles.

131

The minimum perceptible sound level of the normal human ear in air corresponds to a
sound pressure of 2x10-5 Pascals, or 2x10-5 Newtons per square meter at 1 kHz.376 A sound
pressure level of 80 dB increases this pressure to the equivalent of 2x10-1 Newtons per square
meter (N.m-2).377 In contrast, our measured forces were applied over an area of a few square
millimetres at the end of the surgical tip, so the equivalent pressure was significantly larger.
Even allowing for the tangential application of force to the ossicular chain, we show that
forces applied in surgery are supraphysiological and certainly capable of causing harm.
6.4.1

Why then, is POSNHL not seen more often after middle ear surgery?

In health, there are features of the hearing mechanism which are protective of inner ear
function. Relatively large deflections of the TM occur physiologically with changes in middle
ear pressure during swallowing, and with changes in atmospheric air pressure. Similarly,
examination with pneumatic otoscopy moves the umbo of the TM by as much as a millimetre,
and the stapes by as much as 1x10-2mm.378 Yet these large deflections are not associated with
inner ear harm. The stapedius reflex is partly able to attenuate sustained loud noise by
decreasing the mobility of the stapes. The afferent limb of this reflex arc, however, is the
cochlea and (vestibulo)cochlear nerve, so the reflex cannot protect the ear from the initial loud
noise which is needed to trigger the reflex.379 Furthermore, the attenuation is only significant
in the frequencies below 1 kHz, and fatigues after a few seconds of activity.380
There are two features which protect the inner ear from forces which cause large
amplitude movements of the TM. Firstly, it is not just the amplitude of deflection which is
important, but also the velocity of the applied force. Another way of thinking about velocity
of applied force is the frequency. Secondly, there is physiological dislocation of the ossicles at
forces outside the range of hearing.
The inner ear is not uniformly sensitive to all frequencies. Sensitivity is maximum
around 3 kHz, but decreases either side of this.18 Review of our data show that the time taken
to palpate the stapes with just enough force to assess mobility is approximately half a second,
equivalent to a frequency of 1 Hz (Figure 32). The sensitivity of the ear to this frequency is
significantly less than that for hearing. A swallow is also in the order of a few Hz, and
background atmospheric pressure changes occur over hours. This decrease in inner ear
sensitivity with decreasing frequency may be a function of the ear having time to adjust to the
large amplitude force. This function of the inner ear for less harm at lower frequencies can be
explained by stress.
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Stress may be thought of as a shearing force and is defined as force per unit area. Force
in turn is mass multiplied by acceleration. As the cochlea is confined by a bony wall, the area
and mass of the inner ear remain constant during hearing, or ossicular manipulation. From this
equation, it becomes apparent that stress is proportional to acceleration, and it is here that the
time factor becomes important. If the same movement in metres (or millimetres) is applied to
the stapes over a relatively long period of time, then the associated acceleration, force and
stress will be low. If, however, the movement occurs quickly then the stress on the inner ear
will be much higher. Hence, there are good physiological reasons why trainees are
encouraged to peel cholesteatoma slowly away from the stapes.
In addition to inherent inner ear properties for hearing protection, is the attenuation of
applied force to the middle ear by the middle ear structures. Force applied laterally is
attenuated by the TM, ligaments and muscles of middle ear so that not all of the force is
passed on to the cochlea. An intact ossicular chain compresses when force is applied to the
TM. In cadaveric homograft TM and ossicles, when fifty mN of force is applied to the TM,
the distance between the umbo of the malleus and the head of the stapes decreases by 1.0
mm.381 This reflects the elasticity or stiffness of the ossicular chain and was borne out in our
study, which showed that more force was needed to assess the mobility of the ossicular chain
the further away from the stapes that palpation occurred.
Additional to ossicular chain elasticity is a physiological ossicular dislocation which
happens when applied forces are in excess of those required for hearing. During hearing up to
120 dB, the ossicles behave as though they were a fixed piston connecting the TM to the
stapes footplate.382 This results in an approximately linear transmission of force through the
middle ear.38 When excess forces are applied, the incudomalleal joint effectively disarticulates
with the bones gently gliding against each other. 378 Furthermore, the incus can also glide at
the ISJ, effectively uncoupling the TM from stapes footplate at these higher forces.378
Despite both of these protection measures, it is still apparent that surgical manipulation
of the ossicles causes much greater amplitude of stapes movement than occurs normally, and
is thus a plausible aetiology for inner ear harm following middle ear surgery.
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6.4.2

Limitations of present study

The biggest limitation in this study was haptics. Operating with the instrument did not
always reflect real world usage, despite incorporating the smallest commercially available
force sensor. The force sensor required the operator to hold the instrument clear of the sensor
hub to avoid extraneous forces and the subsequent wandering baseline. Ordinarily, however,
otology microsurgical instruments are held closer to tip, allowing finer, and more controlled
movements. A further limitation was the inability to rest the instrument on the canal wall. By
resting a microsurgical instrument against the canal wall, a surgeon gains finer control by
attenuating their physiological tremor and can use the instrument as a precise lever.
Consequently, the measurements taken were not necessarily the same force which would
usually be applied to accomplish a particular procedure.
In addition to haptics, there were also optical disadvantages to using the sensor
instrument. The Nano17 came with fixed dimensions which limited the instrument design.
With a diameter of eighteen millimetres it was occasionally difficult to see past the hub to the
tip of the device. Likewise, when completely assembled the instrument was longer than
traditional microsurgical instruments and it was not always easy to keep the end of the handle
and cord out of view. The combined influence of suboptimal haptics and optics made the
instrument somewhat unwieldy, and this was reflected by the inability to place the PORP,
fracture the stapes or divide the fibrosed ISJ in Figure 31.
The attenuation of force data and additional forces recorded from the plastic bag and
surgical hand on the sensor hub made some of the very early data unusable. If this influence
had been identified earlier, then we may have had more useful information and not had to
discard the eight measurements also in Figure 31. In many of the wandering baseline
measurements, average peak force was able to be measured by reading off where the
palpation impulse started and adding or subtracting this erroneous baseline, but this was not
able to be done for total force as the area under the curve was completely invalid.
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6.4.3

Strengths of present study

The number of patients in this study was small, so we are as yet unable to establish
normative data for the population. The numbers were, however, very adequate for a Phase I
proof of concept study. Indeed n=19 is close to Phase II trial numbers.
The design of the instrument was rigorous and there was a close relationship between
the clinicians who were to use the instrument and the Medical Physics and Bioengineering
Department at Christchurch Hospital. The instrument was constructed with the smallest and
most sensitive commercially available sensor, tested for utility and safety on cadaveric
temporal bones, before measurements were made on live patients. Standard microsurgical
tools were used to make the instrument, so that it would be as close as possible to normal use
and not just an esoteric force measurer. During cadaveric testing, maximal data was obtained
by having different operators perform the same tasks on the different bones. As problems and
limitations were identified at each stage, refinements were able to be employed to improve the
validity of the data. This highlighted the benefits of breaking the study into distinct phases
with specific goals.
6.4.4

Areas for future research

Firstly, with our own data there is the possibility of integrating torque information,
which was simultaneously captured, as a correction factor for the data which was excluded
because the sensor was resting on the canal. As noted earlier in this discussion, the velocity or
frequency of the applied force is very important to calculate the stress put on the inner ear.
Both of these observations could be extracted and calculated from our raw data.
Secondly, the next development of this project will be refinement of the sensor to make
it smaller and closer to tip of the instrument without obstructing the surgical view, thereby
better mimicking real world operating experience. Continuing the project will add further
patient data to establish normative population values. When the device is smaller and less
obtrusive, it will be possible to perform all of the middle ear microscopic procedures with the
instrument. This will allow the total force applied to the ossicular chain to be summed.
Negotiations are currently in place to design and purpose build such a sensor.
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Thirdly, by measuring the forces applied to the middle ear during surgery we can
investigate more closely any association between middle ear surgery and postoperative inner
ear harm. When we have quantified the forces involved, the next step will be to measure inner
ear harm to see if there is an association with the applied force. Our study has shown it is
possible to measure these forces.
Despite measuring the forces applied during surgery, we still do not know how much
force is transmitted down the ossicular chain and through to the inner ear. Ideally, we would
measure both force applied to ossicular chain and simultaneously assess the stapes. This could
be undertaken in cadaveric temporal bones with Laser Doppler Vibrometry, or a second
Nano17 coupled to the footplate. Alternatively for live patients, monitoring the real-time
response to known applied forces could be explored using intra-operative
electrocochleography or audiometry brainstem response (ABR). These techniques could help
examine any intra-operative TTS in relation to forces applied, or the effectiveness of any
interventions designed to decrease patient harm.
The other potential future benefit of accurate middle ear surgery haptics is in the field of
simulators. Already, simulators are used in other fields of medical training,383 and with
normative population data, it will be possible to design simulators which respond with the
same degree of resistance as human middle ear structures. In addition, trainees could be
provided real-time feedback as to how hard they need to push to accomplish a procedure and
how firmly they are currently pushing. This helps to provide a solution to the dilemma of
excellence in surgical training versus maximising patient safety and minimising
complications. First do no harm remains an important precept, particularly as the field of
surgery becomes increasingly litigious.

6.5

Summary

In this study, we have designed and tested a middle ear instrument capable of measuring
applied forces at key points during surgery. We show that the results are reproducible and
allow comparison between operative subjects and operating surgeons, with junior levels of
staff generally using greater forces than consultants, and cadaveric specimens requiring more
force than live patients. There is significant potential to explore this project further with
benefits to surgical training and patient safety.
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CHAPTER 7 Discussion
7.1

Overview

The aim of this thesis was to explore postoperative inner ear harm following middle ear
surgery. This was achieved by looking at several aspects of this problem, listed in Table 26.
Table 26 Thesis overview

Chapter
One
Chapter
Two
Chapter
Three
Chapter
Four
Chapter
Five
Chapter
Six

Introduction to hearing and balance, anatomy, physiology, pathology and
investigation
Literature Review of postoperative sensorineural hearing loss and middle ear
surgery
Retrospective review of postoperative sensorineural hearing loss following
middle ear surgery in Christchurch, 1998 - 2009
Quality of life in patients following middle ear surgery, and the importance of
postoperative sensorineural losses to patients
The finger tap stimulated ocular vestibular evoked myogenic potential and
extended high frequency audiometry as markers of inner ear function
following middle ear surgery
Development of an instrument capable of measuring forces applied to the
middle ear during surgery, and implications for future research

In the first chapter, the literature search underpinning this thesis identified a large body
of literature which commented on POSNHL incidence. There were significant limitations
identified in this knowledge base which made drawing conclusions about harm incidence and
prevention difficult. The key issue was the degree of heterogeneity in the way a POSNHL was
qualified. Reported POSNHL incidence is influenced by:
1. The dB threshold of loss considered to be significant
2. The bone BC frequency(ies) at which that loss is measured
3. Reporting mean results, both for individual patient PTA, and of the studied cohort
To summarise; the greater the dB threshold and the lower the choice of reference
frequency, the lower the apparent loss.23, 102, 384 Combining results across many frequencies in
a PTA, audiologically proven losses in the high frequencies can be averaged out with minimal
losses in the lower frequencies to give the impression of no apparent overall loss. 21, 150 This
effect is further compounded when reporting losses across a cohort, as patients with a loss are
averaged with those without.112, 122, 126, 150 It is not enough to say that because there was no
mean loss for a cohort undergoing a particular intervention that the intervention was safe.
137

The premise that an outcome such as POSNHL is not statistically significant implies the
result is due to chance. Chance suggests that the loss would have occurred whether the patient
had surgery or not and that surgery was not a significant risk factor. When reporting outcomes
within a cohort receiving the same intervention, reporting no significant hearing loss for the
group is not comforting for the 0.5% of individuals who sustain a dead ear due to their
surgery. Despite there being no statistical evidence of surgical harm overall, they are one
hundred percent affected. For this harm to be addressed it must first be acknowledged.
In addition to POSNHL qualification limitations, middle ear surgery covers a number of
different operations, the outcomes of which are not directly comparable across the literature.
Furthermore, the majority of published studies are retrospective, and thus inherently
susceptible to bias. Despite all these limitations, it was clear that POSNHL exists at least to
some degree following middle ear surgery.
Following on from the literature review, the next part of this thesis was a retrospective
review using a sensitive marker to identify the local incidence of POSNHL. Using the criteria
of a >10 dB BC loss at 4 kHz, sixty nine out of 834 patients were found to have a POSNHL
over the twelve years of surgery reviewed. This 8.3% incidence of POSNHL was much higher
than the 0.5 – 5% risk commonly quoted to patients.156, 191, 202-203 Other findings of note were
that supposedly simple procedures such as myringoplasty / tympanoplasty were associated
with a high risk of POSNHL, and in contrast to much of the literature,113, 152, 156, 221-225 revision
surgery had a lower risk of POSNHL than primary procedures for almost all operations.
The next stage of the thesis was to find out if this harm was relevant. The GBI is a
retrospective quality of life (QoL) questionnaire appropriate for Otolaryngology. It was sent
to the 869 patients previously identified in the retrospective review above. The validity of the
study was lessened by the low response rate at 34.9%, but the available data indicated that
POSNHL was not associated with QoL for the cohort, but may have been for sub-groups such
as stapedectomy. PTA was a much stronger and clinically significant association. This study
suggested that regardless of the indication for middle ear surgery, hearing was the most
important outcome to patients. POSNHL limits optimal surgical hearing outcome, and has
significant implications for revision surgery or ageing where SNHL is compounded. If the
inner ear is harmed, patients may be unaware of a SNHL, but they may notice balance
impairment48, 50, 58, 298 or tinnitus. POSNHL should be important to surgeons as an integral
part of otological do no harm.
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Having established the existence and importance of inner ear harm following middle ear
surgery, attention then focused on better ways of detecting this harm so that interventions to
address the harm may be better evaluated. In addition to hearing, the vestibular system of the
inner ear plays an important role in balance. Accurate assessment of inner ear harm requires
attention to both hearing and balance. Following on from our 4 kHz retrospective review, a
prospective study of patients undergoing middle ear surgery was undertaken. In collaboration
with the Department of Communication Disorders at the University of Canterbury, patients
underwent specialised testing of the EHF audiometry spectrum up to 20 kHz. This extension
of high frequency audiometry is thought to be even more sensitive to inner ear function than
the 4 kHz testing discussed earlier.8, 29 Balance function was tested with the VEMP. This
reflex is triggered by the otolithic organs of the inner ear and can be measured in several
muscles throughout the body.345 Our study elicited the VEMP by tapping the nasion and
measuring responses in the inferior oblique muscles below the eye (oVEMP). We found in
our cohort of twenty five patients a higher rate of POSNHL than would have been expected
using the earlier criterion of 4 kHz, however there was no apparent association with change in
VEMP. EHF audiometry will make assessing perioperative inner ear function much more
sensitive.
The final section of this thesis sought to establish a method of quantifying the forces
applied to the ossicular chain during surgery, as these forces when transmitted to the inner ear
are thought to contribute to POSNHL.24, 27, 107, 173, 181, 195, 207, 234-237 The world’s smallest
commercially available force sensor, the Nano-17, was incorporated into an instrument handle
by the Christchurch Hospital Medical Physics and Bioengineering Department.
Interchangeable instrument tips, which were modifications of existing microsurgical
instruments, were inserted into the handle and allowed quantification of force and torque
applied to the instrument. Having shown the instrument to be capable of measuring forces
applied to cadaveric ossicular chains, measurements were then taken from live patients as part
of their routine middle ear surgery. We showed:
1. That the forces applied can be reliably measured with this system
2. That more force is required to achieve the same effect in cadaveric temporal bones
than live patients
3. That junior levels of operator tend to apply more force than their senior colleagues
The implications for this project are in formally associating applied force with inner ear
harm, and with regards to surgeon training.
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7.2

Retrospective Review

Our retrospective review identified 834 patients from the start of 1998 to the end of
2009 who had had middle ear surgery and who also had pre- and postoperative BC at 4 kHz.
This criterion demonstrated sixty nine patients with a POSNHL, and the groups of patients
who were most affected were different to those we expected.
Firstly, revision surgery was significantly associated with half the complications of
primary operations at a rate of 4.9% compared with 9.7% (p=0.02). This is in contrast to
many publications which cite revision surgery as having a greater incidence of inner ear
harm.113, 152, 156, 222-224 The second finding of note was that commonly performed “minor”
procedures were found to have a high risk of POSNHL. For example myringoplasty /
tympanoplasty had a rate of 10%. These findings may be genuine or a reflection of our data
collection limitations.
Of the 2,285 procedures identified, less than half had complete audiometry, defined as
pre- and postoperative 4 kHz BC, available for review. This limited the validity of the
conclusions we were able to draw from our data. The incomplete audiometry procedures were
excluded for reasons which were not mutually exclusive, as some patients fitted into more
than one of the below categories.
349 (15.3%) of all procedures did not have any postoperative audiology. Some of this
group may have represented patients with a satisfactory result who did not attend follow-up
audiology. There were patients with missing audiometry from private, some of these
audiograms were not digitised when the original paper copy was discarded, and some
digitised audiograms were unable to be read. Finally, audiometry may have been performed
elsewhere and there was no record of it.
551 (24.1%) of all procedures had no postoperative BC performed. This may have
represented apparent satisfactory closure of the ABG based on postoperative AC and
preoperative BC. Postoperative BC may also not have been done if postoperative AC did not
show any change from preoperative levels.
264 (11.6%) of all procedures had no preoperative audiology. This may have been due
to the same reasons as the missing postoperative audiometry above, or it may have reflected
the few acute surgical cases where there was not time to get a preoperative hearing test. In
some cases, missing audiometry may have been an indication that no hearing test was sought,
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such as in operations thought to have a low hearing harm risk. Unfortunately, this was not
necessarily true. In our study, a “simple” myringoplasty / tympanoplasty still carried an
incidence of POSNHL of 10%. Smyth in 1976 noted the importance of patients being aware
of the risk of a dead ear from a procedure as “straightforward as a myringoplasty”, with a risk
of 1.8% for a 10 dB or greater drop with that procedure.229 He even went so far as to state that
“no form of middle ear operation, including myringoplasty, is now performed on the only
hearing ear”.
There was no preoperative BC for 267 (11.7%) of all procedures. These cases too may
have represented operations thought to be low risk, and that therefore there was no need to
document sensorineural reserve. In addition, BC was often not done in patients with entirely
normal AC; however, it cannot necessarily be assumed that there is no ABG and that AC is a
direct reflection of BC.
The method for screening BC may have under-represented poor outcomes by only
screening to 10 dB. If a patient’s true BC threshold was actually 0 or -5 dB, a postoperative
drop to 20 dB may have been more significant than for someone with an actual preoperative
BC level of 10 dB.
We assumed that most of the procedures with missing audiometry had satisfactory
hearing outcomes, and that patients with POSNHL would be more likely to present to get
things checked. Missing the uncomplicated perioperative hearing results would have skewed
our data to increased complications. Comparing our results to other publications which do use
the same POSNHL criterion as this study actually made our results appear quite respectable.96,
138, 142-144

While an incomplete data set may cause concern when coming to firm conclusions on
the role of revision surgery and POSNHL, the fact that nearly all revision operations had a
lower POSNHL rate than primary surgery adds weight to the contention that this was not an
aberrant finding. In one of the few publications to share this finding, Pedersen noted a low
complication rate from revision stapes surgery and suggested that it was no more dangerous
than primary surgery, but that hearing improvement results were not as good as primary
operations.385 Similarly, Somers and then Gibb concluded that revision surgery was no more
risky than primary stapedectomy159 or myringoplasty175 respectively.
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Examining POSNHL for the different operations demonstrated a higher incidence of
loss in cases of primary mastoidectomy and simultaneous ossiculoplasty. There were only
seventeen primary cases, but between them 11.8% sustained a POSNHL. In comparison, there
were no cases of loss in revision ossiculoplasty which required some drilling. This finding
supports Smyth’s contention that mastoidectomy for chronic ear disease should be staged to
protect the cochlea.229 These losses from primary chronic ear disease surgery are similar to
losses seen in cases of inner ear cholesteatoma fistula noted on primary surgery226, 228 and
suggest the inner ear may be more prone to harm in the presence of chronic middle ear
disease. This may be related to middle ear pathology, or mediators of inflammation, increased
blood flow, or perhaps an inoculation of the inner ear with some noxious substance present in
chronic middle ear disease. Sheehy noted an increased incidence of POSNHL when the stapes
footplate was opened in the presence of potential infection.231 For the safety of the cochlea, it
is better to treat the disease as much as possible before potentially breaching the inner ear.
In the study design we imposed a limit on audiology of one year pre- and
postoperatively. This was to exclude hearing changes potentially resulting from the natural
history of the disease which was the indication for operating, or other confounding variables
over that time such as trauma or non-operative infection. Despite these concerns, the
difference between audiometry from within a year and that beyond this was not significant.
This implies that the degree of SNHL is stable over the time our audiology was taken.
In contrast to this impression of stability, a TTS is a postoperative deterioration in
cochlear function which recovers to some degree with time.7-17 There is evidence that a TTS
may become permanent at 40 dB.7 We were unable to observe any TTS in this study as
multiple BC readings from POSNHL patients would have been needed to observe any
threshold recovery.
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7.3

Quality of Life

The next chapter of this thesis investigated whether POSNHL was important to patients.
This was undertaken by inviting the 869 patients with 4 kHz BC audiometry identified in the
previous chapter to complete the GBI,313 a QoL questionnaire. The response rate was
disappointing at just under 35%, and made conclusions difficult to generalise. Possible
reasons for this were the design of the study investigating operations as far back as twelve
years, and the 7.1 magnitude earthquake which shook Christchurch on the fourth of
September 2010. Schwentner also had a low response rate with only 37.8% of 600 returns
when using the GBI to investigate the impact of tonsillectomy on QoL.333 In general,
however, most patients in our study felt that surgery had improved their QoL with a mean
general score of +21.5 for all surgeries combined.
Recall bias was possible with our retrospective questionnaire, as patients who had
particularly good or bad outcomes were probably more likely to reply. Despite this
impression, fourteen patients sent back replies with the null value of three circled for every
answer, so by no means was every response strongly positive or negative. Due to the time
passed since surgery, 20% of all patients were not even able to be contacted as they had no up
to date contact details.
POSNHL was not associated with QoL in this study cohort as the r2 and p-values for
mean total score for all operations were 0.06 and 0.085 respectively. This was an expected
finding, as POSNHL was identified by BC on an audiometer, whereas usual hearing requires
AC of sound to the inner ear, and this change in AC is what patients notice postoperatively.
For inner harm to be perceived, the sensorineural loss must be larger than the closure of the
ABG, or the patient must have other symptoms such as tinnitus 386 or vestibular imbalance.298
It is possible, however, that sub-groups within our study population did have their QoL
affected by POSNHL and further study of patients undergoing stapedectomy is warranted.
Comments from patients returning the GBI indicated that hearing was the most
important outcome which determined QoL, more so than obtaining a safe and non-discharging
ear. Morzaria noted a similar outcome in GBI assessed middle ear surgery with closure of the
ABG.328 Further illustrating this point are patients who had a primary mastoidectomy who did
not have concurrent ossicular reconstruction. They were the only group to report a negative
total QoL score, and revision mastoidectomy and tympanoplasty without ossiculoplasty
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patients were the only other group to have a negative mean general score. Our data showed
this quantitatively in that PTA was a much stronger indicator of QoL, but that there was still a
large amount of variability in patient responses left unexplained. It is likely that for hearing,
PTA was an incomplete marker and it may be that speech audiometry,6 in the presence of
background noise, would have been a better QoL indicator. This information was, however,
not available in the retrospective audiometry. PTA tests discrete frequencies, conventionally
only up to 8 kHz, and ignores the speech benefits of the higher frequencies. 32-34
Prior to the GBI in 1995, there were only a few QoL questionnaires suitable for
Otolaryngology, and most of these related to hearing impairment and the benefits of hearing
aids. Such questionnaires included the Hearing Handicap and Support scale,317 and the
Hearing Handicap Inventory for the Elderly.314-316 Another possible questionnaire for our
study was the Short Form Health Survey,312 but this would have been too generic for middle
ear surgery. Conversely, the many otitis media surveys318-322 would have been too narrow and
not adequately addressed patients with non-chronic ear surgery. While the GBI is designed to
be used once off retrospectively, it has been used pre- and postoperatively and one study
showed 50% of patients had QoL improvement.328 Testing the same population before and
after surgery would be a more reliable indicator of change; however, this was not possible in
our retrospective review spanning twelve years. Our mean total GBI score of only 17 belies
the many very satisfied patients for procedures such as stapedectomy which had a score of
23.4 for the total score and 33.7 for the General subscale.
Our study shows that patients derive QoL benefit from middle ear surgery and suggests
that SNHL may not be correlated with impaired QoL. If POSNHL were significant enough to
be greater than ABG closure, then the patient’s AC will be worse and they would be more
likely to have a QoL impact. Even a small POSNHL limits optimal hearing outcome, and this
limitation is carried by the patient lifelong. It compounds any future losses, such as may occur
during revision surgery. Shea points out that with time, SNHL occurred in around 30% of
patients who otherwise had a successful stapedectomy.156 Even the benefit of hearing aids
cannot completely compensate for accrued SNHL from surgery and presbyacusis. The other
factor not addressed by this study was the other ear. If a patient has normal hearing in their
non-operated ear then the handicap deterioration or improvement will be less significant.
Certainly binaural hearing is important for sound localisation, but face to face conversation is
still possible with just one hearing ear. In contrast, if the operation is on an only hearing ear
then AC changes will be much more significant.
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If the vestibular system is injured and the patient has postoperative imbalance, then this
may affect QoL.298 In one study 5% of labyrinthine fistula patients had “incapacitating
dizziness” for up to six months after surgery.278 Another postoperative inner ear symptom,
tinnitus, was noted by several patients in our study as the reason for their poor QoL. These
balance and tinnitus complications occur for even the most experienced of otologists,343, 387
and ways should be sought to decrease the incidence and magnitude of this inner ear harm.
Perhaps even more than its importance to patients, POSNHL and other inner ear
complications should be a concern for surgeons. First do no harm. The literature comments on
acknowledged rates of POSNHL in the order of <1% up to 21%, depending on the procedure
performed.95-99 The main problem with the literature, however, is the heterogeneity in the way
a POSNHL is qualified. Different qualifications have different sensitivities. The American
Academy of Otolaryngology Head and Neck Surgery Committee on Hearing and
Equilibrium’s 1995 guidelines for the evaluation of results of treatment of conductive hearing
loss325 make an effort to address this disparity, but the qualification they chose is also too
insensitive. They proposed a POSNHL be defined as a BC PTA change at 1, 2 and 4 kHz.
This was satisfactory for ensuring publication compliance and comparing results, but we
question why this measure is even calculated in the first place? We show that a POSNHL
does not directly impair patient QoL, although it is important in certain cases, so the only
other use of this information is to inform the surgeon of their complication rates. By doing
this, surgeons can address aspects of their practice which may be harmful to their patients, or
they may chose not to perform particular procedures if their rates are persistently too high.
If informing the surgeon is a key outcome of POSNHL measures, then these measures
should be as accurate as possible. Using PTA and mean cohort reporting hides any inner ear
decline in the upper frequencies and falsely informs the surgeon that they are not causing
harm. There is then little drive to improve outcomes and decrease harm. A more sensitive and
specific test may make the complication rate appear higher, but this is nonetheless the true
complication rate. Acknowledging increased complications allows targeted interventions to
address the harm caused by surgery, and helps to gauge the success of those interventions as it
is much easier to see the effect of change with a larger population.
This study was hampered by incomplete PTA data. The reflects a limitation in study
design and was due to the evolving nature of the thesis whereby the QoL study was happened
upon only after the previous retrospective audit data had already been collected. Exhaustively
re-reviewing all the audiometry in the available timeframe was not possible.
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7.4

VEMP & Extended High-Frequency Audiometry

Having established the existence and importance of POSNHL, the following chapter
detailed two tests of inner ear function which were thought to be more sensitive of inner ear
harm than conventional assessment. Our investigations so far had used a >10 dB BC threshold
elevation at 4 kHz as our criterion of inner ear harm. It was argued that this threshold at this
single high frequency on conventional audiometry was more sensitive to inner ear function
than other combinations of dB thresholds and frequencies. Expanding this premise further,
there was evidence that even higher frequencies may be even more sensitive to this harm.8, 29
Causse in a 1965 publication of 21,655 operations found postoperative vertigo in 2.76%
patients.344 Other publications have this postoperative imbalance figure much higher.50, 278
This variability once again demonstrates a lack of uniformity in how postoperative imbalance
is reported. To address this, a test of balance in the form of the oVEMP was also investigated.
Both EHF audiometry and oVEMP tests were applied perioperatively to twenty five patients
undergoing middle ear surgery.
We showed EHF audiometry to be a more sensitive marker than conventional hearing
tests for detecting POSNHL in patients who had no significant air-bone gap on conventional
audiometry. This phase of the study was limited by the technical restraint of only having AC
EHF audiometry. The conclusions drawn from patients with closure of the ABG in the lower
frequencies can only infer no gap in the EHF, and that AC is a true indicator of cochlear
function. Earlier publications noted technical difficulties with EHF bone conduction
techniques,369 which have now been rectified. As the project continues, this weakness is being
addressed by the acquisition of a suitable EHF BC audiometer.
Another limitation of this study was an incomplete patient data record, which should not
have been a problem for a prospective study. The reasons for this were due to inadequate
education of our audiology services, VEMP device equipment faults, and poor
communication around timing of patient follow up visits. Furthermore, there was a systematic
weakness in the fragmented way that notes for different departments were stored. Ongoing
study should have copies of all relevant study participant information in one place to ensure
complete data capture. Finally, there was significant disruption to the Department of
Otolaryngology Head and Neck Surgery at Christchurch Hospital following the September 4 th
2010 earthquake and subsequent aftershocks which compounded nearly all of the above
difficulties.
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The reasons why high frequencies are much more sensitive to insult probably relate to
both vascular and mechanical factors. Firstly, high frequency hearing is located in basal turn
of the cochlea,27, 38 and the watershed blood supply between the cochlear artery and the
cochlear ramus of the vestibulocochlear artery at this point may lead to increased
susceptibility to ischemia.37, 209, 388 Secondly, the supraphysiological stapes footplate
displacement in middle ear surgery may set up non-linear distortion of fluid pressure waves at
the base of the cochlea, with large amounts of stress being imparted there.38 The mechanics of
force trauma are elaborated in more detail in the force sensor section of this discussion.
Our EHF audiometry findings concurred with those of Mair who compared AC in cases
of myringoplasty or stapedectomy and found significant losses in the high frequencies of both
procedures. He noted significantly more improvement in low frequency thresholds for
stapedectomy, and less high-frequency impairment in those undergoing myringoplasty.30 Our
own data also show that stapedectomy is more traumatic to inner ear EHF than
myringoplasty, and agree with Domenech who noted the uppermost tested frequency to be
most sensitive for EHF loss.29
Our VEMP findings failed to correlate with those of EHF audiometry and we show that
the finger tap oVEMP is not a sensitive marker of otolithic harm following middle ear
surgery. The otolithic organs are phylogenically older than the cochlea, and subsequently may
be more resilient to the potential harm of middle ear surgery.367
VEMPs have been reported as 100% present in healthy controls with no history of head
trauma or ear disease,389 but different disease states are known to influence VEMP responses.
Decreased AC cVEMP thresholds are seen in superior semicircular canal dehiscence, 82 in
addition to the greater amplitudes of the resulting AC cVEMP. 390 This implies the vestibular
system is more sensitive when the protective bony labyrinth has been breached.
In contrast to increased sensitivity, there are a proportion of patients with absent
preoperative VEMPs due to underlying disease. In one publication, just over 38% of patients
with otosclerosis had absent BC cVEMPs preoperatively,365 while another study had this
figure at 56%.364 AC cVEMPs were absent in 54 – 57% of patients with Meniere’s disease,391392

and just over 21% of NIHL patients had no AC cVEMP.393 Vestibular schwannoma

studies have shown absent AC cVEMPs in 46%394 and 71%395 of patients. Head trauma has
also been reported to decrease the VEMP response.396 In addition to affecting the presence of
a VEMP, Meniere’s disease and vestibular schwannoma can also prolong VEMP latency.397
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Similar to diseases, surgery can also influence a VEMP. While some procedures, such
as vestibular neurectomy398 or CI359, 361 can clearly be harmful to the vestibule, others are
much less so and some can even restore VEMPs. In a 2006 paper Ernst noted only one out of
five patients operated on for vestibular schwannoma had intact VEMPs after surgery, but all
four patients who had microvascular decompression for neurovascular compression of VIII
had preserved VEMPs.360 Wang showed AC cVEMP presence improved from 41% to 66%
after chronic ear surgery, but pre- and postoperative VEMP latencies were still longer than
those of healthy subjects.366
These examples highlight the effect that surgery can have on balance. While Causse
reported only 2.8% of patients having short lived vertigo after stapedectomy, 343 CI has rates
higher than 20% due to increased trauma of the inner ear.50 Sometimes this impairment lasts
longer, and Brookler noted persisting dizziness in up to 3% of patients following
stapedectomy.48 That some reports note dizziness to be a short term effect may be a testament
to the brain’s ability to adapt to decreased vestibular input, or it may reflect a recovery of the
vestibular system.
The EHF audiometry and VEMP chapter of this thesis represents an interim analysis of
an ongoing project. This study is being sponsored by the Otocon Foundation of New Zealand,
and looks to investigate hearing protection in surgery. Having gained baseline inner ear
function information perioperatively, attention will then turn to a possible way of decreasing
this harm. The protocol for this will be to instil a steroid gel into the middle ear preoperatively
and identify whether this protects inner ear function. Any change from our baseline data
should then be detectable with masked BC EHF audiometry and, with larger numbers,
potentially finger tap oVEMPs as well.
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7.5

Force Sensor

Having established the existence and importance of inner ear harm following middle ear
surgery, and then examined tests to quantify this harm, attention finally turned towards an
intervention to make middle ear surgery safer. The reasons why some patients sustain a
POSNHL and others do not are not well understood. One frequently cited explanation is of
excessive and harmful hydrostatic force being transmitted through to the inner ear during
middle ear surgery.24, 27, 107, 173, 181, 195, 207, 229, 234-237
This is an attractive explanation as the physiological movement of the stapes footplate
during hearing is very small. What is unknown is how much of the supra-physiological force
applied to the middle ear structures during surgery is transmitted to the inner ear, and how
much is attenuated. From this question it is clear that the first uncertainty to be addressed is
how much force is applied. When this is known, it will be possible to discover how much
force is transmitted, and only then can we begin to make associations between applied force
and inner ear harm.
With the assistance of the Medical Physics and Bioengineering Department at
Christchurch Hospital, the Nano-17 force transducer was incorporated into a surgical handle,
and interchangeable instrument tips allowed measurement of the forces applied to the
instrument. This was tested on cadaveric temporal bones before gathering data from live
patients as part of their routine middle ear surgery. We showed that it is possible to measure
these forces reliably, and that there were differences between levels of operator and between
cadaveric and live patients. We showed that novice levels of operator were likely to use more
force than necessary to achieve a task. Furthermore, the forces involved in all of the middle
ear surgery procedures identified were supra-physiological, and some produced very large
values indeed. We identified several frustrating limitations of the instrument pertaining to
inadequate haptics and optics, and are continuing to work closely with the Medical Physics
and Bioengineering Department at Christchurch Hospital to refine the sensor.
Whether the harmful agent is force,38 noise,25, 38 Cisplatin,26 ototoxic antibiotics399 or
presbycusis,400 the region of the cochlea most sensitive to insult is the basal turn, 27 some eight
to twelve millimetres from the oval window. The cochlea is tonotopically arranged with the
low frequencies at the apex, and the high frequencies at the basal turn, which projects into the
middle ear as the promontory.3 The EHF audiometry section of this discussion noted vascular
reasons why this high frequency basal region is particularly susceptible to insult, but there are
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potentially mechanical reasons also. The key to understanding the physics can be summarised
by how far and how fast the stapes footplate moves. Indeed, there is significantly more
footplate displacement with swallowing than hearing, but the former is not associated with
SNHL probably because the speed at which the footplate is depressed is much slower. Much
of this information comes from a very helpful article by Schuknecht 38 which explored
acoustic rather than force trauma to the cochlea. The principles are the same, and are
summarised as follows.
When considering the travelling sound wave established in the endolymph of the scala
vestibuli in the cochlea, high frequency sound has peak amplitude closer to the oval window
than the apex. Another way of expressing a high frequency is that it has a brief time constant.
The time constant is the time at which 63% of maximum amplitude has been reached.
Conversely, surgical manipulations of the stapes have relatively long time constants, which
can be likewise thought of as being low frequency. There may be a few seconds from the start
of pushing the stapes, for cholesteatoma removal for example, before full depression, or
amplitude, is reached. Due to the topography of the cochlea,3 low frequency manipulations
have their wave bulge with peak amplitude further distally in the cochlea. This seems to be at
odds with the predominantly high frequency loss seen after middle ear surgery,25 and so by
itself cannot explain this loss seen from neural hair cells closer to oval window.
Despite the low frequency of stapes depression, the significant factor in surgical
manipulation is the very large amplitude associated with this low frequency. It was noted
earlier that stapedial amplitude with footplate fenestration approaches one millimetre.38 These
relatively enormous deflections directly at the oval window lead to the theory that the
proximity of large amplitudes to the basal cochlea may compensate for low frequencies when
inducing inner ear harm. While there is no evidence for a direct trade, it is possible that there
is a non-linear distortion relationship which might see more harm to the proximal cochlea
from the large displacements associated with surgery.38
There is a difference on a cellular level between chronic noise induced hearing loss and
acute trauma. Chronic harm is likely to be due to repeated injury which leads to the gradual
“exhaustion on the cytochemical or enzymatic level, without gross tissue destruction”.38
Whereas acute injury, where the insult is of a much greater amplitude, leads to physical injury
and destruction of tissues.38 This latter situation is most likely to represent surgical force
induced harm. Regardless of the underlying cellular mechanisms, the end result of SNHL is
the same.
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7.6

Future Directions

Having established a method for measuring the applied forces to the ossicular chain,
further research should investigate how this translates to stapes motion. Furthermore, this
footplate motion should to be compared to models of inner ear harm caused by varying rates
and depths of stapes footplate displacement. There have already been many foundational
studies using the guinea pig cochlea model 91, 239, 258, 401-404 and these could be combined with
our forces information and techniques to further establish a link between applied middle ear
surgical forces and POSNHL.
Another exciting field of opportunity this research could to lead to is surgical training.
Stapes surgery is a good example where it has been noted that there are fewer cases available
for stapedectomy training due to a declining pool of patients with otosclerosis and more
surgeons performing stapedectomy.107, 405-406 The learning curve for stapes surgery did not
plateau until fifty cases for Hughes,407 however, many trainees perform as few as 0 - 10 stapes
procedures during their entire training.408 One paper on stapedectomy training noted a
POSNHL of >10 dB averaged over 0.5 – 2 kHz in 8% of patients. This is a high rate when
taking into consideration earlier comments in this thesis that mean reporting of POSNHL, and
especially of low frequencies, makes the apparent complication rate lower than what it
actually is. One of the solutions to getting trainees safely through those first cases is to use
realistic simulators which break the operation down into tasks which can be mastered. Such
simulators will be maximally useful when the forces needed for a task on the model match the
forces required in real life. Then trainees will be able to more safely operate on patients,
having mastered the skills necessary on a simulator. This becomes yet another way this forces
project could facilitate preventing surgical inner ear harm.
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Conclusion
Inner ear harm following middle ear surgery is not uncommon
This harm is important to patients and to surgeons
Ways to address this harm require sensitive measures of inner ear function to
evaluate interventions
Surgical ossicular forces almost certainly play a role in surgically induced inner
ear harm, and are a target for reducing this harm
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Appendices
Appendix A Initial Search Strategy
Databases:


All EBM Reviews - Cochrane DSR, ACP Journal Club, DARE, CCTR, CMR, HTA, and
NHSEED



EMBASE - All years



Ovid MEDLINE(R) 1950 to Present with Daily Update



Ovid OLDMEDLINE(R)

Strategy:
1

Cochlear Implants/

(10749)

2

Cochlear Implantation/

(31090)

3

Ossicular Replacement/

(630)

4

Stapes Surgery/

(3489)

5

Stapes Mobilization/

(2231)

6

Fenestration, Labyrinth/

(3809)

7

Myringoplasty/

(1635)

8

Tympanoplasty/

(6718)

9

Ossiculoplast:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui]

(687)

10 stapedioplast:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui]

(70)

11 stapedectom:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui]

(2918)

12 stapedotom:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui]

(806)

13 tympanoplast:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui]

(7887)

14 myringoplast:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui]

(1879)
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15 mastoidectom:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui]

(4721)

16 malleostapedopex:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui] (3)
17 myringostapedopex:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui] (8)
18 myringoplatinopex:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui] (2)
19 exp Otologic Surgical Procedures/

(27762)

20 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or
18 or 19

(70613)

21 sensorineural.mp.

(23069)

22 exp sensorineural hearing loss/

(30728)

23 21 or 22

(37028)

24 exp Iatrogenic Disease/ or exp Postoperative Complications/

(991432)

25 20 and 23 and 24

(397)

26 Otosclerosis/

(8919)

27 Tympanic Membrane Perforation/

(2425)

28 exp cholesteatoma/

(8918)

29 exp Otitis Media/

(40670)

30 Hearing Loss, Conductive/

(5151)

31 Ear Neoplasms/

(4743)

33 otosclero:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui]

(9772)

34 cholesteatom:.mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui]

(10359)

35 (perforat: and tympan: and membran:).mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf,
nm, ui]

(3369)

36 (conductiv: and :hearing: and loss:).mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm,
ui]
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(5796)

37 (otitis: and media:).mp. [mp=ti, ab, tx, kw, ct, ot, sh, hw, tn, dm, mf, nm, ui] (45625)
39 26 or 27 or 28 or 29 or 30 or 31 or 32 or 33 or 34 or 35 or 36 or 37 or 38

(73024)

40 23 and 24 and 39

(313)

41 25 or 40

(492)

42 remove duplicates from 41

(442)
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Appendix B Randomised Controlled Trial Search Filter
43 randomized controlled trial.pt.

(561240)

44 randomized.ab.

(527680)

45 placebo.ab.

(340485)

46 randomly.ab.

(342603)

47 clinical trials as topic.sh.

(185203)

48 trial.ti.

(249894)

49 controlled clinical trial.pt.

(161308)

50 43 or 44 or 45 or 46 or 47 or 48 or 49

(1508980)

56 42 and 50

(11)

Excluded:
No surgical intervention in study

2

Post-op sensorineural hearing loss not commented on

2

Case reports, comments & editorials

1

Surgery not on inner or middle ear or cochlear implant

1

178

(5)

Appendix C Extended Search Strategy
Excluding studies from step 42 above:
Case reports, comments & editorials

95

Post-op sensorineural hearing loss not commented on

94

Surgery not on inner or middle ear or cochlear implant

46

Review articles

41

No surgical intervention in study

37

Duplicate publication despite earlier filtering

7

Studies not in humans

7

(115)

First reference check

105

(220)

Second reference check

10

(230)
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Appendix D POSNHL Patient Audit Data Collection Tool

id

Preop
audio
date

180

DoB

Preop
level
(dB)

Postop
audio
date

Sex

Procedure
Date

Procedure
Classification

Postop
Improvement
level
(dB)
(dB)

Surgeon Side Age

Postop Preop
Pub
days
days
/
to
to
Pri
audio audio

Notes

Appendix E Otologic surgical procedures Quality of life search
Database:


Ovid MEDLINE(R) 1950 to Present with Daily Update

Strategy:
1

exp otologic surgical procedures/ or exp cochlear implantation/ or exp fenestration,
labyrinth/ or exp middle ear ventilation/ or exp myringoplasty/ or exp ossicular
replacement/ or exp stapes surgery/ or exp stapes mobilization/ or exp tympanoplasty/
12263

2

quality of life.mp. or "Quality of Life"/

132459

3

1 and 2

165

4

glasgow benefit inventory.mp.

77

5

Hearing Handicap Inventory for Adults.mp.

14

6

HHIA.mp.

13

7

(hearing disability and handicap scale).mp. [mp=title, original title, abstract, name of
substance word, subject heading word, unique identifier]

7

8

HDHS.mp.

10

9

hearing handicap scale.mp.

4

10 hearing measurement scale.mp.

10

11 Hearing Handicap Inventory for the elderly.mp.

79

12 social hearing handicap index.mp.

8

13 (hearing handicap and support scale).mp. [mp=title, original title, abstract, name of
substance word, subject heading word, unique identifier]

1

14 com-5.mp.

5

15 com-6.mp.

4

16 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15

360

181

Appendix F The Glasgow Benefit Inventory
Please circle the number in each question which best describes your situation
1. Has the result of your ear surgery affected the things you do?

Much

A little or

No

A little or

Much

worse

somewhat

change

somewhat

better

worse
1

2

better
3

4

5

2. Have the results of your ear surgery made your overall life better or worse?

Much

A little or

No

A little or

Much

better

somewhat

change

somewhat

worse

better
5

4

worse
3

2

1

3. Since your ear surgery, have you felt more or less optimistic about the future?

Much more

More

No

Less

Much less

optimistic

optimistic

change

optimistic

optimistic

5

4

3

2

1

4. Since your ear surgery, do you feel more or less embarrassed when with a group of people?

Much more

More

No

Less

Much less

embarrassed

embarrassed

change

embarrassed

embarrassed

1

2

3

4

5

5. Since your ear surgery, do you have more or less self-confidence?

Much more

More

No

Less

Much less

self-confidence

self-confidence

change

self-confidence

self-confidence

5

4

3

2

1

6. Since your ear surgery, have you found it easier or harder to deal with company?

Much

Easier

easier
5
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No

Harder

change
4

3

Much
harder

2

1

7. Since your ear surgery, do you feel that you have more or less support from your friends?

Much

More

No

Less

Much

more support

support

change

support

less support

5

4

3

2

1

8. Have you been to your family doctor, for any reason, more or less often, since your ear surgery?

Much more

More

No

Less

Much less

often

often

change

often

often

1

2

3

4

5

9. Since your ear surgery, do you feel more or less confident about job opportunities?

Much more

More

No

Less

Much less

confident

confident

change

confident

confident

5

4

3

2

1

10. Since your ear surgery, do you feel more or less self-conscious?

Much more

More self-

No

Less self-

Much less

self-conscious

conscious

change

conscious

self-conscious

1

2

3

4

5

11. Since your ear surgery, are there more or fewer people who really care about you?

Many

More

No

Fewer

Many

more people

people

change

people

fewer people

5

4

3

2

1

12. Since you had your ear surgery, do you catch colds or infections more or less often?

Much more

More

No

Less

Much

often

often

change

often

less often

1

2

3

4

5
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13. Have you had to take more or less medicine for any reason, since your ear surgery?

Much more

More

No

Less

Much less

medicine

medicine

change

medicine

medicine

1

2

3

4

5

14. Since your ear surgery, do you feel better or worse about yourself?

Much

Better

better
5

No

Worse

change
4

3

Much
worse

2

1

15. Since your ear surgery, do you feel that you have had more or less support from your family?

Much more

More

No

Less

Much less

support

support

change

support

support

5

4

3

2

1

16. Since your ear surgery, are you more or less inconvenienced by your ear / hearing problem?

Much more

More

No

Less

Much less

inconvenienced

inconvenienced

change

inconvenienced

inconvenienced

1

2

3

4

5

17. Since your ear surgery, have you been able to participate in more or fewer social activities?

Many more

More

No

Fewer

Many fewer

activities

activities

change

activities

activities

5

4

3

2

1

18. Since your ear surgery, have you been more or less inclined to withdraw from social
situations?

Much more

More

No

Less

Much less

inclined

inclined

change

inclined

inclined

1

2
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3

4

5

Calculating the Scores
Total Score
- Sum all the responses (Qu. 1-18)
- Divide by 18 (to obtain an average response score)
- Subtract 3 from the average response score
- Multiply by 50.

General Subscale Score
- Sum 12 of the responses (Qu. 1,2,3,4,5,6,9,10,14,16,17 and 18)
- Divide by 12 (to obtain an average response score)
- Subtract 3 from the average response score
- Multiply by 50.

Social Support Score
- Sum 3 of the responses (Qu. 7,11,15)
- Divide by 3(to obtain an average response score)
- Subtract 3 from the average response score
- Multiply by 50.

Physical Health Score
- Sum 3 of the responses (Qu. 8,12,13)
- Divide by 3(to obtain an average response score)
- Subtract 3 from the average response score
- Multiply by 50.
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Appendix G Patient comments on the GBI
My surgery stopped infection and on-going ear ache. There was only a slight improvement in
my hearing and consequently I now wear a hearing aid which has greatly improved
communication etc & quality of life.
Less ear infections has been the major improvement, particularly meaning that swimming has
been less of an issue.
Before surgery I had a chronic infection. Fixing my ear made me deaf but stopped the pain
There was no improvement in my hearing after this procedure therefore majority of these
questions don't apply to me - however I don't have as much ear infections since this surgery.
On a down side, the lack of improvement has been an inconvenience at work with promotions
etc.
Only change has been less ear infections / moisture in the ear canals, which is great as when
(patient) has an infection he is unable to wear his hearing aids. (That makes life difficult for
everyone!).
Surgery has probably prevented hearing loss and I now have no discharge in my ear.
You may class ear surgery as non life/death situation, but I honestly tell you if it weren't for
my children and the ear surgery I wouldn't have desired to carry on my life as it was. Hearing
problems took all the quality out of the life I now feel very blessed to live. Thank you.
I had an excellent response from all concerned and my hearing has gone from very good to
near excellent. I am retired, but do volunteer work. Hope this helps.
The operation was fantastic. My only wish would be that I had done it sooner before I lost
friends & the desire to socialise to the extent I used to.
I would be willing to help you in any other further study's you need in ear surgery as Doctor
Summerfield has helped me out so much.
Before my operation I was quite deaf. After: normal life, hearing all, thanks to Doctor
Summerfield my hearing was not a problem anymore. Being used to church life I am
normally happy and content added hearing gave me less to cope with. Made life easier. No
head problems of thinking since I have a saviour and read the scriptures.

186

To the surgeons of both ears. Thanks for restoring my hearing you are a real mate.
Thank-you! 'Hearing' enables one to work, socialise, be in the world. I am very grateful for
my surgery.
It has meant my life has gone down a different path. Attached note: Things that are not
mentioned but are of importance to me 1 I value my hearing more - I wear ear muff always 2
Have had jobs in hearing type jobs - sales, telephone skills are required. 3 It was quite a time
since I had my operation so you forget. But I have a less frustrated family, that's for sure! 4
As I recall I had an inherited type and we have been watching the deterioration.5 It was a
blessing that is for sure.
*Quality of life enhanced (tick) *Acute hearing now means more opportunities (tick) 1/eg.
Have been studying as a mature sutdent at university since operation because I can now hear
the lecturers. 2/eg. Able to participate socially *Grateful to NZ health system (tick).
I know I had to reply to this questionnaire as related to surgery of 26/3/09 but have had a
further revision op on 28/10/09 and this has been v. Successful! Thank you.
Thank you very much.
It’s been absolutely brilliant! Family & friends all agree it was the best money spent.
Mr. Philip Bird an amazing surgeon!
Overall there has been an improvement – with not having ear infections.
Last week I was recalled to Bay Audio re hearing aides. I hadn't used my chopped up ear aids
as it 'orrible & ineffective. He tested my ear, found out my hearing had improved, readjusted
my aid. Much much better! Why? Don't know. Problem now is I can hear earthquake noises
much better. Yuk. The new hearing chart is great. Please tell Dr Bird.
My ear surgery did not improve hearing loss nor symptoms (tinnitus & discharge). Bit of a
waste of CDHB resources, but thanks for trying!
Buzzing/ringing in the ears.
I have developed tinnitus since the operation.
Taste been affected by surgery. Food is now mostly tasteless.
My balance has been affected. No hearing improvement.
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Since my ear operation I suffer from a constant whistling in the same ear.
Surgery resulted in tinnitus in both ears so not a great outcome.
I now have better directional hearing, thus when people speak to me I know what direction to
look to find them and as long as people are standing close to me, I don't have to ask them to
repeat themselves nearly as much. (I also) have loud ringing in this ear (since the operation)
and when relaxing at home or in quieter places, this can be very tiring.
My ear is more muffled and suffering ear ache since surgery which has put me off doing the
other one.
Surgery was a failure! Hearing more difficult Colds more often Earache + discharge more
often. Hope this helps you!
I gained my hearing back a lot better after the surgery, but the ringing's still there &
sometimes would keep me awake at night time.
No change in preoperative tinnitus.
Comments you may find useful!? Good luck with your research. Please note I have mainly
circled (3, no change) as my operation did not work. - I am lucky that my left ear works well
however it is hard to when there is a lot of background noise. One good thing is when on a
plane my right ear does not hurt due to the air pressure. Had my operation worked my quality
of life would be better, I cope but wonder how I will be when get older as the other ear
weakens.
At my last yearly check up in January 2009 the doctor removed a cyst in the canal and since
then I have been having tinnitus for which it has been necessary to take constant pain killers at
night to prevent this noise in my ear. It never happened until after the last check up. I have
been waiting for the yearly check up for six months! Nobody can tell me the problem.
These questions I have answered are without my hearing aids. With my hearing aids my
quality of life is much more better over-all.
My only complaint is that I never received my last follow up within 1 year of my last
appointment to date.
Need Hearing Aids.
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I am very sorry, but even though I am told my hearing has improved, I have not noticed any
difference. My family support me anyway but I am not deaf enough to require extra support.
In Feb 2007 I lost my hearing in the right ear - likely cause was clotting, there is only some
high Freq left. My quality of life now has dropped markedly. I have answered these questions
as my life was between 1999 to 2007.
My right ear is worse with a hearing aid. Gets very wet and wax build up everyday. Hearing
aid gives feedback. Not fitting correctly anymore. Left ear (operation) is as survey.
The operation was very successful until about 3 years ago when I had 8 dental injections close
to the left ear over 2 days, and then my hearing in that ear deteriorated greatly, but it seems to
be improving slightly again now.
As I wear 2 hearing aids, I found this questionnaire didn't really apply to me.
Overall there is very little change since ear surgery.
Since my surgery my life has now changed as I wear 2 hearing aids and I pretty much hear
alright. I do feel that my R ear is probably more healthy but with added hearing loss since my
surgery.
The hearing benefits of my surgery were very short lived.
As you can probably tell by my answers my surgery did not work. And that was my 2nd
surgery for the same thing.
I had surgery about 12 years ago - initially my hearing was improved but gradually it has
deteriorated & is now less & muffled. The other ear which was operated on in 1969 at the
Royal Ear Nose & Throat hospital is clearer & a little louder, but still not as loud as I need.
Thank you.
Just lately have had acupuncture which seems to be relieving a lot of discomfort perhaps I
should have had it long ago.
9 years since surgery and now probably back to pre-surgery hearing loss. Slow regression.
One part of prosthetic slipped away. Hence 2nd op later. These questions don't really apply.
I am trying out a hearing aid but it has made no difference.
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Over the last year or more my heart has been pounding in my left ear causing headaches and
insomnia. After two visits to ear specialist he assures me there is no inner ear problem. I do
have back and bowel problems that may be linked to this.
I had a cochlear implant 2 yrs ago.
I am sorry I will not be able to participate in this study as I have no transport from Rolleston
to Christchurch - I cannot turn my neck when driving due to arthritis & degeneration.
I am returning the questionnaire sent to her re Ear Surgery Quality of Life. Due to her current
state of health, (patient) is unable to answer these questions for you.
I feel this questionnaire is a complete waste of time.
These surveys do not allow enough response. There should be room to write comments where
the above answers do not comply.
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Appendix H Calculation of Average Maximum Force for Malleus Palpation
Temporal Bone 0330/4 by Consultant
Figure 29 was the worksheet used to calculate average maximum force applied.
From title of CSV file:

xA = 03304pbmalleushandle

From the graph in Figure 28:

xB = 2
xC = 154
xD = 155
xE = 235
xF = 236
xG = 343

These data are entered into the calculation worksheet by using the Find and Replace
function of Excel. The formulae in the rest of the worksheet will only work when the relevant
values have been substituted with Find and Replace.
From the same graph it is clear that X has the greatest deflection, and this is in a
negative direction. This information is selected in B5 and C5 of the worksheet.
Also from the graph, it is apparent that for the first palpation, the baseline was zero so 0
was entered into cells B13 – B15. For the second palpation, the baseline for Y was positive
0.05, so this was entered into C14 while C13 and C15 were once again 0. For the third
palpation, the baseline for X was negative 0.05, for Z was positive 0.05, and for Y had
returned back to 0.
Prior to find and replace, the formulae are nonsense and not recognised as anything
meaningful by Excel. For example, cell B9 reads:
=IF(B5="Maximum",IF(C5="X",MAX(xA!AXB:AXC)B13,IF(C5="Y",MAX(xA!BXB:BXC)-B14,IF(C5="Z",MAX(xA!CXB:CXC)B15))),IF(B5="Minimum",IF(C5="X",MIN(xA!AXB:AXC)B13,IF(C5="Y",MIN(xA!BXB:BXC)-B14,IF(C5="Z",MIN(xA!CXB:CXC)-B15)))))
This returns the value “FALSE”. After substitution, the same cell reads:
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=IF(B5="Maximum",IF(C5="X",INDEX('03304pbmalleushandle'!B:B,MATCH(MAX('0330
4pbmalleushandle'!A2:A154),'03304pbmalleushandle'!A1:A154,0))B14,IF(C5="Y",INDEX('03304pbmalleushandle'!A:A,MATCH(MAX('03304pbmalleushandl
e'!B2:B154),'03304pbmalleushandle'!B1:B154,0))B13,IF(C5="Z",INDEX('03304pbmalleushandle'!B:B,MATCH(MAX('03304pbmalleushandl
e'!C2:C154),'03304pbmalleushandle'!C1:C154,0))B14))),IF(B5="Minimum",IF(C5="X",INDEX('03304pbmalleushandle'!B:B,MATCH(MIN('
03304pbmalleushandle'!A2:A154),'03304pbmalleushandle'!A1:A154,0))B14,IF(C5="Y",INDEX('03304pbmalleushandle'!A:A,MATCH(MIN('03304pbmalleushandle
'!B2:B154),'03304pbmalleushandle'!B1:B154,0))B13,IF(C5="Z",INDEX('03304pbmalleushandle'!B:B,MATCH(MIN('03304pbmalleushandle'
!C2:C154),'03304pbmalleushandle'!C1:C154,0))-B14)))))
This updated B9 cell now returns the value 0.040744722 Newtons.
The total maximum force for each palpation was found by taking the square root of the
sum of the squares for each vector. For the first palpation this was given by the Excel
formula:
=SQRT(SUMSQ(B8,B9,B10))
The average maximum force was the mean of the three combined palpations, in this
example 0.1959 N.
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Appendix I Calculation of Average Total Applied Force for Malleus
Palpation
Temporal Bone 0330/4 by Consultant
Figure 30 was the worksheet used to calculate the total force applied during the
sampling time. Note, this is the force applied to the sensor and included artefact from
inadvertent direct contact from the surgeon’s hand, the canal wall, or the plastic sheath used to
keep the sensor clean. In such cases, the area under the curve cannot represent to the total
force applied to the ossicular chain. These cases were identified by a baseline which failed to
return to zero, or which appeared to wander up or down over the course of the recording.
For our same worked example and again using the Find and Replace tool in Excel, xA
was substituted with the file name 03304pbmalleushandle, xB was substituted with 109,
which was the line the palpation started on, and xC was substituted with 343, which was the
line where the last palpation finished. All of the X forces were summed, then all the Y, and
finally all the Z forces up to 9999 entries. The formulae for these three respectively were:
=SUM(A109:A343)
=SUM(B109:B343)
=SUM(C109:C343)
9999 entries corresponded to 159 seconds of data collection and was sufficient for all
procedures performed. The total force applied to the ossicular chain was then the square root
of the sum of the squares for each vector, given by the Excel formula:
=SQRT(SUMSQ(F3,F4,F5))
Where F3, F4 and F5 are the summed values for X, Y and Z respectively given from the
above formulae. As there were three palpations, the Total Force (22.263 N) was divided by
three to give an average of 7.421 N per palpation
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