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Introduction

CHAPTER 1

Normal hearing
In a normal ear, sound vibrations are funneled by the outer ear into the ear canal (Figure 1).
Consequently, these sound vibrations hit the tympanic membrane. As the tympanic membrane
moves, the vibrations are transferred to the ossicular chain in the middle ear. The malleus,
incus and stapes are three small bones that together form the ossicular chain. The ossicular
chain serves as an energy transformer by acting as a lever and by reducing the area of
force distribution between the tympanic membrane and the stapes footplate. Movement
of the stapes sets the inner ear fluids in motion, which in turn stimulate the hair cells
within the inner ear. The hair cells are connected to the auditory nerve, which carries the
sound information to the brain, resulting in the hearing of sound.
Tympanic membrane
Malleus
Incus
Stapes

Inner ear
Auditory nerve

Figure 1. Anatomy of the ear.
Hearing loss

“Blindness separates us from things but deafness separates us from people” – (deaf-blind
American author) Helen Keller
Hearing loss does not only affect people physically, it profoundly impacts independence,
quality of life and daily function [1-3]. The World Health Organization estimates that 360
million people, 5.3% of the world’s population, are living with disabling hearing loss [4].
Around 15% of the world’s adult population has some degree of hearing loss. It has been
ranked as the fifth leading cause of years lived with disability in the Global Burden of Disease
Study 2013, which is higher than many other chronic diseases including diabetes, chronic
obstructive pulmonary disease and anxiety disorders [5]. Age-related hearing loss is a risk
factor for cognitive decline, cognitive impairment and dementia [6]. Midlife hearing
loss is responsible for 9% of the risk of dementia, which is higher than all other potentially
modifiable risk factors including smoking, depression and social isolation [7].
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Hearing loss is often thought of as an age-related disability. The National Health and
Nutrition Examination Survey has shown a significant increase in the prevalence of hearing
loss among adolescents over the last few decades [8]. One in five adolescents demonstrated
hearing loss in 2005 and 2006, which constitutes a 31% increase in prevalence compared
to 1994. Nearly half of adolescents and young adults are exposed to unsafe sound levels at
nightclubs, bars, cinemas, concerts and live sporting events. The World Health Organization
estimates that 1.1 billion young people could be at risk of hearing loss as a result of unsafe
listening practices [4]. Moreover, personal audio devices such as music players and
video game consoles are often operated at unsafe sound levels. Some studies suggest
an association between recreational noise exposure and hearing loss, whereas others
do not [9]. With increased availability and use of personal audio devices, the World
Health Organization treats hearing loss due to recreational exposure as a serious threat.
In the Netherlands, the Ear, Nose and Throat association and the National Hearing
Foundation initiated a National Program Hearing Research [10]. Sixteen research priorities
in four domains have been formulated. “Curative treatment options” and “attention
to specific disorders”, including otosclerosis, are two such priorities.
Otosclerosis
Otosclerosis is a localized hereditary disorder that affects bone growth in the otic capsule.
It is characterized by a disordered resorption and deposition of abnormal sponge-like
bone. Radiologically otosclerosis is largely characterized by lucent rather than sclerotic
changes and therefore it is also referred to as otospongiosis. Otosclerotic or otospongiotic
foci are sharply demarcated from the surrounding bone and usually involve the fissula ante
fenestram, the stapes footplate or the cochlea with the most common site being the fissula
ante fenestram; the area just anterior to the oval window [11, 12]. Sounds are incompletely
transferred via the ossicular chain due to fixation of the stapes footplate in the oval window
niche and partly fail to reach the cochlea resulting in a conductive hearing loss.
Diagnosis
Clinical otosclerosis is characterized by a progressive conductive hearing loss in the presence
of an intact and mobile tympanic membrane and an aerated middle ear. Other symptoms
include sensorineural hearing loss, tinnitus and vertigo. Many of the symptoms that
characterize otosclerosis can be caused by other otological disorders. Pure-tone audiometry,
tympanometry, imaging and middle-ear inspection can be used to eliminate other causes.

Pure-tone audiometry
Pure-tone audiometry with appropriate masking of the contralateral ear will confirm
conductive hearing loss by the presence of an air-bone gap. The air-bone gap is the difference
in bone-conduction thresholds and air-conduction thresolds measured at the same
frequencies. Classically, in otosclerosis, the air-bone gap is greater at lower frequencies and a
Carhart notch is present at 2000 Hz (Figure 2). Carhart first described a depression in
bone-conduction thresholds in otosclerosis patients at 500 to 4000 Hz that resolved after
stapes surgery, particularly at 2000 Hz [13]. The Carhart notch is usually defined as a boneconduction threshold at 2000 Hz that is at least 10 dB lower than the thresholds at
neighboring frequencies. Although the Carhart notch is generally believed to hint for
otosclerosis, it can originate from various middle ear disorders including otitis media
with effusion, chronic otitis media and congenital ossicular anomalies [14].
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Figure 2. Pure-tone audiogram in an otosclerosis patient with unilateral conductive hearing loss in the
right ear and a Carhart notch present at 2000 Hz.

Tympanometry
Even though compliance in ears with otosclerosis is less than normal, conventional
226 Hz tympanometry usually shows a normal type A curve. Wideband acoustic immitance
measurements have shown superior test performance compared to the very poor performance
of conventional tympanometry in detecting stapes fixation [15, 16]. Stapes fixation decreases
energy absorbance at lower frequencies up to 1000 Hz, indicating increased stiffness in the
middle ear (Figure 3) [16-19].
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Figure 3. Wideband acoustic immitance measurements in mobile stapes and stapes fixation.
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Imaging
High-resolution computed tomography (CT) is the imaging modality of choice when imaging
is performed. Lucent or hypodense foci can be seen within the otic capsule. Other CT
findings include a thickened footplate, narrowed oval or round window niche, and the double
ring sign. The prevalence of otosclerosis in patients with a clinical suspicion of otosclerosis is
generally high and, as a result, CT imaging has little to add in establishing otosclerosis [20].
Although its role in diagnosing otosclerosis is limited, CT imaging may still be useful in
establishing extent of disease and cochlear involvement, and in detecting concomitant
abnormalities.
Middle-ear inspection
A definitive and most reliable diagnosis can only be made during surgical middle-ear
inspection. The bone surrounding the oval window is frequently whiter compared to nonotosclerotic ears. Occasionally, the oval window is filled with obliterative otosclerotic bone.
Upon checking the mobility of the ossicular chain, the stapes footplate is found to be fixed
and the round window reflex is absent.
Treatment
Otosclerosis can be treated conservatively using hearing aids or surgically.

Stapes surgery
Traditionally, the stapes footplate was merely mobilized or it was removed completely in
a procedure called stapedectomy. Following complete removal of the footplate, vein or
fascia was used to cover the oval window and a prosthesis was placed between the incus
and the oval window. Mobilization and stapedectomy have been replaced by stapedotomy
because it carries less risk of inner ear damage, prosthesis migration and lateral displacement
of the oval window membrane [21]. In stapedotomy, the stapes arch is removed and a small
fenestration is made in the stapes footplate using manual perforators, a microdrill or a laser.
A prosthesis is placed between the incus and the fenestration in the stapes footplate.
Aim and outline of this thesis
As mentioned previously, hearing loss profoundly impacts independence, quality of life and
daily function. Otosclerosis is one of a few specific conditions that can be treated surgically.
In this thesis we aim to improve success rates following stapes surgery and assist the surgeon
in selecting patients for surgery, anticipating surgical findings and estimating realistic hearing
expectations for better patient counseling.
Reported success percentages of primary stapedotomy range between 72 and 94% [22-24].
Numerous critical steps in the surgical procedure have been researched. Previous research by
our group evaluated the effect of local versus general anesthesia, conventional fenestration
methods versus laser fenestration, a comparison of different types of lasers and the use of a vein
graft interposition [25-30]. It seems there is no difference in hearing outcomes between local
and general anesthesia [25]. Local anesthesia offers the possibility to test hearing and recognize
vertigo during the procedure, enabling the surgeon to act accordingly. General anesthesia
may be preferred in teaching hospitals. The patient is immobile and there is no limitation
in the duration of anesthesia, enabling the surgeon and/or resident to operate at a more relaxed
and controlled pace. Decisions regarding anesthesia method should be based on patient
preference and experience of both surgeons and anesthesiologists with either method [25].
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There is no difference in hearing outcomes between conventional footplate fenestration and
laser fenestration [26]. Footplate fractures and sensorineural hearing loss do seem to occur
more frequently in conventional fenestration compared to laser fenestration. When comparing
different types of lasers, the use of the CO2 laser is associated with (slightly) better hearing
outcomes than the KTP laser, Er:YAG laser and thulium laser [27-29]. Vein graft interposition
between the prosthesis and the fenestration in the stapes footplate seems to increase hearing
following stapedotomy [30].
In an attempt to further improve postoperative hearing results, a myriad of different prostheses
has been developed since the introduction of stapes surgery for otosclerosis. Shape, size and
type of material have been the main focus in developing and enhancing prostheses. Prosthesis
shaft diameter and crimping technique are two such qualities that have been the subject of
research for the last few decades.
Commercially available prosthesis shaft diameters range from 0.3 up to 0.8 mm. Smaller-diameter
prostheses are generally considered safer, whereas larger-diameter prostheses may be associated
with better hearing outcomes [31]. In chapter 2 we systematically review the effect of prosthesis
shaft diameter on hearing outcomes in the literature. In chapter 6 we describe the results of a
temporal bone study evaluating the effects of different prosthesis shaft diameters on round
window vibrations.
Coupling or crimping the prosthesis onto the incus is one of the critical steps during stapes
surgery. Prostheses can be crimped to the incus in various fashions. There are prostheses
available that do not require crimping at all, as well as prostheses that are crimped using
manual force and shape-memory, heat-crimping prostheses. Manual crimping is considered
to be technically more difficult and may lead to higher rates of incus necrosis due to malcrimping
[32], whereas heat crimping may cause vaporization of blood vessels resulting in incus necrosis
[33]. In chapter 3 we try to identify which crimping technique results in the best hearing
outcomes in the literature.
Despite our best efforts, a substantial number of patients still requires revision stapes surgery
because they suffer from a recurrent or residual conductive hearing loss or complaints of
vertigo following primary stapes surgery. Unfortunately, surgical outcomes of revision stapes
surgery are far less favorable than those of primary stapes surgery with reported success
percentages ranging between 40 and 80% [34-39]. Furthermore, revision stapes surgery is
associated with a relatively high risk of postoperative sensorineural hearing loss of 1 to 8%
[34-39]. So far, we have not been able to accurately predict which patients will perform well
after revision stapes surgery and which patients will not. Prediction models could assist the
surgeon in selecting patients for revision surgery, anticipating surgical findings and
estimating realistic hearing expectations for better patient counseling. In chapter 4 we present
an internally validated prediction model predicting success after revision stapes surgery.
In chapter 5 we present a similar model predicting sensorineural hearing loss after revision
stapes surgery.
Loose wires or dislocated prostheses are frequently encountered during revision stapes
surgery and are frequently the main cause of recurrence or persistence of hearing loss poststapes surgery [39-41]. Optimal fixation of the prosthesis to the incus is essential for
effective sound transmission, as well as for minimizing unpleasant sound distortion [42].
Loose crimping and no crimping of the prosthesis onto the incus may lead to sound
transmission losses of 5 dB in high frequencies and 10 dB in low frequencies [43].
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Chapter 7 investigates the role of wideband acoustic immitance measurements in assessing
crimping status following stapedotomy in a temporal bone model.
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CHAPTER 2

Abstract
Objective: to evaluate the effect of piston diameter in primary stapedotomy for otosclerosis
patients measured by hearing outcome.
Data sources: PubMed, EMBASE and the Cochrane Library.
Review methods: a systematic search was conducted. Studies reporting original data on the
effect of piston diameter on pure-tone audiometric results in patients undergoing primary
stapedotomy for otosclerosis were included. Relevance and risk of bias of the selected articles
were assessed. Studies with low relevance, high risk of bias or both were excluded. Absolute
risks and risk differences, means and mean differences, and 95% confidence intervals were
extracted.
Results: twelve studies with moderate to high relevance and moderate risk of bias were
included for data extraction. Air-bone gap closure to 10 dB or less was assessed in six studies,
the majority of which did not show a statistically significant nor a clinically relevant difference
between two pistons with a different diameter. More importantly, the differences that were
found were not consistently in favor of smaller-diameter pistons or larger-diameter pistons.
Mean postoperative air-bone gap ranged from 3 dB in favor of a smaller-diameter piston
to 3 dB in favor of a larger-diameter piston across four studies. Permanent sensorineural
hearing loss was assessed in eight studies and occurred in only one study. In this study no
difference was found between a 0.4-mm-diameter piston and a 0.6-mm-diameter piston.
Conclusion: there is insufficient evidence to support the superiority of the use of a largerdiameter piston compared to a smaller-diameter piston for primary stapedotomy in
otosclerosis patients.
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Background
Otosclerosis is characterized by abnormal sponge-like bone growth in the middle ear, causing
progressive hearing loss, vertigo and/or tinnitus [1]. It mainly affects the ossicular chain and
can be treated surgically by removing all or part of the stapes and replacing it with a prosthesis:
stapedectomy or stapedotomy respectively. Although stapes surgery has proven to be a
safe and effective treatment option for otosclerosis [2], there is a small risk of permanent
sensorineural hearing loss (SNHL) of less than 1% [3, 4]. Other complications associated with
stapes surgery include failure to close the air-bone gap, postoperative vertigo and tinnitus.
Since the introduction of stapes surgery by Shea in 1956 [5], a large number of prostheses
has been developed. Shape, size and type of material have been the main focus in enhancing
prostheses. The prosthesis shaft diameter ranges from 0.3 up to 0.8 mm. There has been a
tendency towards the use of smaller-diameter prostheses, because of a suspected decreased
risk of cochlear trauma when using smaller prostheses. However, mathematical models
[6, 7] as well as temporal bone studies [8] show a tendency towards better hearing outcomes
with the use of larger-diameter prostheses. The objective of this systematic review is to
evaluate the effect of piston diameter in primary stapedotomy for otosclerosis patients
measured by hearing outcome and SNHL.
Methods
This systematic review was written using the Preferred Reporting Items for Systematic reviews
and Meta-Analyses checklist [9]. No review protocol exists for this systematic review.

Retrieving studies
A systematic search in PubMed, EMBASE and the Cochrane Library was conducted with
the assistance of a clinical librarian (date of last search was February 14, 2015). Relevant
synonyms for the search terms otosclerosis, stapedotomy and prosthesis were combined
(see Table 1 for the full search strategy). Two assessors (I.W. and J.J.V.) excluded duplicate
titles and independently screened the titles and abstracts of the retrieved records for inclusion.
Studies on the effect of piston diameter in patients undergoing primary stapedotomy for
otosclerosis were included. Studies were excluded when exclusively revision stapedotomy,
stapedotomy as part of a residency training program or stapes surgery other than stapedotomy
was discussed. Only reports of original study data were included. Systematic reviews,
opinion papers, animal or laboratory studies, conference abstracts, poster presentations
and case reports with less than ten cases were excluded (see Figure 1 for the selection
criteria). Length of follow-up, language and publication date were not used as criteria for
eligibility. The same two reviewers (I.W. and J.J.V.) screened the full texts of the eligible
articles using the same in- and exclusion criteria. Related publications that were not
identified by the initial literature search were searched in PubMed and Scopus. Selected
articles and related reviews were hand searched for relevant cross-references.
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Table 1. Search strategy (date of search: February 14, 2015).
Database

Search

Hits

PubMed

(otoscler*[tiab] OR otospong*[tiab] OR otosclerosis[MeSH] OR
stapedot*[tiab] OR stapedect*[tiab] OR “stapes surgery”[MeSH] OR
stapes[tiab] OR stapedial[tiab] OR ossicular[tiab] OR footplate[tiab]) AND
(prosthesis[tiab] OR prostheses[tiab] OR piston[tiab] OR pistons[tiab])

1305

EMBASE

(otoscler*:ti,ab OR otospong*:ti,ab OR otosclerosis/exp OR stapedot*:ti,ab
OR stapedect*:ti,ab OR “stapes surgery”/exp OR stapedotomy/exp OR
stapedectomy/exp OR stapes:ti,ab OR stapedial:ti,ab OR ossicular:ti,ab OR
footplate:ti,ab) AND (prosthesis:ti,ab OR prostheses:ti,ab OR piston:ti,ab
OR pistons:ti,ab OR “ear prosthesis”/exp)

1402

The
Cochrane
Library

(otoscler* OR otospong* OR stapedot* OR stapedect* OR stapes OR
stapedial OR ossicular OR footplate) AND (prosthesis OR prostheses OR
piston OR pistons)

44

Assessing studies
Using predefined criteria, two reviewers (I.W. and J.J.V.) independently assessed the selected
studies for their relevance and risk of bias (see Table 2 for the assessment criteria). When an
item of the study assessment was reported, it was classified as either “satisfactory” or
“unsatisfactory”. When an item was not reported, it was rated “unclear”. Relevance was
scored to ensure that studies reported applicable outcomes for a well-defined patient group.
It involved the evaluation of the study population (patients undergoing primary stapedotomy
for otosclerosis), compared treatments (comparisons of two prostheses with different shaft
diameters) and outcomes (pure-tone audiometric results). Studies were classified as having
high, moderate or low relevance if they complied with all three, two or one of these criteria
respectively. Assessment of risk of bias was based on the Cochrane Collaboration’s tool for
assessing risk of bias [10] and involved the evaluation of five items: adequate randomization,
blinding of treatment nature and outcome assessment, standardization of treatment,
standardization of outcome assessment and completeness of reported data. Studies were
classified as having a low risk of bias if they satisfied all of these criteria. Studies were classified
as having a moderate risk of bias if they satisfied at least three criteria, or if they satisfied at
least criterion number 5: “completeness of reported data” and one additional criterion. The
remaining studies were classified as high risk of bias. Initial discrepancies between
independent reviewers were resolved by discussion and reported results are based on full
consensus. Studies with low relevance, high risk of bias or both were excluded from further review.
Data extraction
Two authors (I.W. and J.J.V.) independently extracted descriptive data on patients and treatments
from the included studies. The primary outcome measure was closure of the air-bone gap to
10 dB or less, preferably for the frequencies 500, 1000, 2000 and 3000 Hz, which is generally
considered a successful outcome of stapes surgery in the literature in the sense of the surgeon’s
surgical performance [4, 11] and which is in accordance with the American Academy of
Otolaryngology – Head and Neck Surgery (AAO-HNS) guidelines [12]. The secondary outcome
measures were mean postoperative air-bone gap and SNHL. For the primary outcome of interest
and the secondary outcome SNHL, the absolute risks and risk differences were extracted.
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For the secondary outcome mean postoperative air-bone gap, the means and mean differences
were extracted. 95% confidence intervals were calculated according to standard binomial
distribution and Gaussian distribution respectively using Review Manager (RevMan) software
(version 5.2.3) (Copenhagen: the Nordic Cochrane Centre, the Cochrane Collaboration, 2012).
If the desired outcome measures were not given or could not be calculated, the findings as
reported in the article were reported.
Results

Retrieving studies
A total of 2751 titles were retrieved, of which 1505 were unique studies (Figure 1; date of last
search was February 14, 2015). After selection based on title and abstract, and subsequent
full text screening, 20 articles were considered eligible for answering our question [13-32].
One of these articles was excluded based on language (Russian) [13]. Cross-reference checking
revealed one additional article [33]. This article was not retrieved in the initial search,
because the search term prosthesis or any of its synonyms was not mentioned in the title or
the abstract. A total of 20 articles [14-33] were included for study assessment. One of these
articles was merely a reply to the editor [16]. The outcomes that are mentioned in this letter to the
editor complement a more extensive paper describing the study population and methods [34].
Otosclerosis AND Piston diameter
1305
PubMed

Inclusion criteria:
. Therapeutic design
. Original data
. Adults with otosclerosis
. Different piston diameters in
. primary stapedotonomy
. Pure-tone audiometric results
Exclusion criteria:
. Revision stapedotomy
. Stapedotomy in residency training
. Systematic reviews
. Animal studies
. Laboratory studies
. Opinion papers
. Conference abstracts
. Poster presentations
. Case reports (<10 cases)

1402
EMBASE

44
The Cochrane Library

2751
Removal of duplicates
1505
Title and abstract screening
315
Full-text screening
20

Additional suitable
references (n=1)

Figure 1. Flowchart.

Assessing studies
The relevance was found to be high in 11 studies [17, 18, 21, 22, 24, 26, 29-33] and moderate
in nine studies (Table 2) [14-16, 19, 20, 23, 25, 27, 28]. In the nine studies that were
characterized by a moderate relevance, it was unclear whether revision stapedotomies were
included in the analyses. The risk of bias was moderate in 12 studies [14-24, 33] and high in
the remaining eight studies [25-32].
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Table 2. Study assessment.

Standardization (O)

Risk of bias

?

M

?

M

Gristwood (2011) [17]

H

?

M

Hornung (2011) [18]

H

?

M

Risk of bias
M

Van Rompaey (2012) [16]

Complete data

?

?

Randomization

?

M

Relevance
M

?

Outcome

?

Cavaliere (2012) [15]

Treatment

Gupta (2014) [14]

Study population

Standardization (T)

Relevance

Blinding

Study (year)

M

Cotulbea (2009) [19]

?

M

?

M

Forton (2009) [20]

?

M

?

M

Mangham (2008) [21]

H

?

M

Casale (2003) [22]

H

?

M

M

?

M

Teig (1999) [23]

?

Grolman (1997) [24]

H

Mangham (1993) [33]

H

?

M

?

H

?

Thamjarayakul (2010) [25]

?

Marchese (2007) [26]

M
M
?

H

?

H

Sennaroğlu (2001) [27]

?

M

?

Shabana (1999) [28]

?

M

?

?

H

Fucci (1998) [29]

H

?

?

H

Silverstein (1998) [30]

H

?

?

H

Böheim (1997) [31]

H

?

?

H

Fisch (1982) [32]

H

?

?

H

?

H

Legend to Table 2
T = treatment; O = outcome; H = high; M = moderate; L = low; ? = unclear, no information provided.

Relevance
Study population:
= primary stapedotomy for otosclerosis; = primary stapedectomy, revision surgery
for otosclerosis, stapes surgery as part of residency training programs, other. Treatment: = comparison
of two prostheses with different shaft diameters;
= other. Outcome:
= pure-tone audiometry;
= other.

Risk of bias
Randomization:
= adequate randomization (e.g. random number table or coin toss);
= no
adequate randomization (e.g. sequence generated by date of admission or allocation by judgment of
clinician). Blinding of piston diameter during postoperative pure-tone audiogram and interpretation
of pure-tone audiogram:
= patients and clinicians blinded;
= only patients blinded or no
blinding. Standardization (T) of surgical procedure:
= yes;
= no. Standardization (O) of
postoperative pure-tone audiogram with regard to frequencies used and follow-up duration:
= yes;
= no. Completeness of outcome data:
= below 10% missing data; = 10% or more missing data.

Adequate randomization was not achieved and no information was provided regarding blinding
of patients and outcome assessors in all but one of the included studies. In six studies,

24

SYSTEMATIC REVIEW OF THE EFFECT OF PISTON DIAMETER

standardization of treatment was not achieved [16-19, 32, 33]. In the studies performed by
Van Rompaey et al [16], Gristwood and Venables [17], Hornung et al [18], Cotulbea et al [19]
and Mangham (1993) [33], a wide variety of fenestration techniques were used, including
microinstruments, microdrills and lasers. Surgeons from 20 tertiary referral centers were included in the study by Van Rompaey et al [16], which means each center performed on average 21 procedures during the four-year inclusion period [34]. Consequently, various types of
prostheses were used in this study, including Teflon, Nitinol and titanium prostheses. Fisch
used a reversed stapedotomy technique in the 0.4 mm group compared to a classic stapedotomy in the 0.6 mm group [32]. In two studies, the surgical procedure was not described at
all and therefore it was not possible to assess the criterion “standardization of treatment” for
these studies [14, 25]. Although the pure-tone audiometric frequencies that were used for the
assessment of hearing improvement were standardized in all studies, the follow-up duration
was not standardized in three studies [26, 28, 31]. In one additional study it was not clear
what the follow-up duration was [25]. A substantial amount of outcome data, between 24
and 79%, was missing in three studies [25-27]. A complete case analysis was performed in
all of these studies. In another five studies it was not clear whether outcome data was missing
[28-32]. The eight studies with high risk of bias were excluded from further review [25-32].

Data extraction
Six studies evaluated the effect of different piston diameters on air-bone gap closure to 10 dB
or less (Table 3) [16, 18, 19, 21, 22, 33]. The majority of these studies did not show a
statistically significant difference between two pistons with a different diameter, nor did they
show a clinically relevant difference. Two studies described this outcome in more than two
groups. Van Rompaey et al showed higher success percentages of 56 and 60% in the 0.3-mmdiameter and 0.5-mm diameter groups respectively, whereas in the 0.4-mm-diameter and
0.6-mm-diameter groups the success percentages were much lower (32 and 33% respectively)
[16]. The study performed by Mangham in 1993 did show consistently better results in largerdiameter pistons (69% in the 0.4-mm-diameter piston, 95% in the 0.6-mm-diameter piston
and 100% in the 0.8-mm-diameter piston group) [33]. This study was the only study to reach
statistical significance with a 31% difference in air-bone gap closure to 10 dB or less in favor
of a 0.8-mm-diameter piston compared to a 0.4-mm-diameter piston. Four studies evaluated
the effect of different piston diameters on mean postoperative air-bone gap (Table 4) [14, 18,
21, 22]. These studies reported differences of 3 dB in favor of a smaller-diameter piston to 3
dB in favor of a larger-diameter piston. One study showed a statistically significant difference
in mean postoperative air-bone gap of 2 to 3 dB in favor of a larger-diameter piston [21]. The
other three studies did not reach statistical significance.
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Table 3. The effect of piston diameter on air-bone gap closure to 10 dB or less.
Study
(year)

Prosthesis
Type

Follow-up ABG closure Risk difference
Shaft diameter n. (months) <
(% (95% CI))
- 10 dB
(mm)
(%)

Van Rompaey Various
(2012)[16]

0.3
0.4
0.5
0.6

Hornung
(2011)[18]

Nitinol
SMart
Nitinol
SMart

0.4
0.5
0.4
0.5

Cotulbea
(2009)[19]

0.4
Titanium
Teflon and stainless steel 0.4
0.6
Teflon

Mangham
(2008)[21]

Teflon

Casale
(2003)[22]
Mangham
(1993)[33]

56
32
60
33

Reference
-24 (-49 to 1)
4 (-22 to 30)
-23 (-49 to 3)

71
68
94
90

Reference
-3 (-26 to 20)
Reference
-4 (-20 to 12)

162 1-2*
45
49

65
60
63

-2 (-17 to 14)
3 (-16 to 23)
Reference

0.5
0.6
0.5
0.6

13 2#
56
13 12#
56

85
91
69
89

Reference
6 (-15 to 27)
Reference
20 (-6 to 46)

Titanium
Fluoroplastic-platinum

0.4
0.6

30 12#
30

27
27

Reference
0 (-22 to 22)

Teflon wire

0.4
0.6
0.8

13 1-3#§
75
20

69
95
100

Reference
25 (0 to 51)
31 (5 to 56)

16 3*
155
151
105
31 1 (SD 1)*
31
18 16 (SD 5)*
21

Legend to Table 3
ABG = air-bone gap; CI = confidence interval; n = number of procedures; SD = standard deviation;
* = frequencies used: 500, 1000, 2000 and 3000 Hz; # = frequencies used: 500, 1000, 2000 and 4000
Hz; § = ABGs were calculated using postoperative air-conduction thresholds and preoperative boneconduction thresholds. Differences printed in bold are statistically significant. Positive risk differences
are in favor of the larger-diameter piston.

Table 4. The effect of piston diameter on mean postoperative air-bone gap.
Study

Prosthesis

(year)

Type

Gupta
(2014)[14]

Teflon

0.4
0.6
0.4
0.6
0.4
0.6

25 0.5^§
27
21 1^§
24
20 3^§
18

Hornung
(2011)[18]

Nitinol
SMart
Nitinol
SMart
Nitinol
SMart
Nitinol
SMart

0.4
0.5
0.4
0.5
0.4
0.5
0.4
0.5

31
31
18
21
31
31
18
21

26

Follow-up Mean postoperative
ABG
Shaft diameter n. (months) (dB (SD))
(mm)

1 (SD 1)*

6.9 (NR)
10.1 (NR)
5.2 (NR)
7.3 (NR)
5.5 (NR)
5.4 (NR)

9.5 (5.7)
8.9 (4.3)
16 (SD 5)* 4.4 (3.1)
5.7 (5.0)
1 (SD 1)# 10.7 (6.1)
10.0 (5.2)
6 (SD 5)#
6.5 (4.3)
6.4 (4.0)

Difference

(dB (95% CI))
Reference
-3.3 (NR)
Reference
-2.1 (NR)
Reference
0.1 (NR)
Reference
0.6 (-1.9 to 3.1)
Reference
-1.3 (-3.9 to 1.3)
Reference
0.7 (-2.1 to 3.5)
Reference
0.1 (-2.5 to 2.7)
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Mangham
(2008)[21]

Teflon

0.5
0.6
0.5
0.6

13 2#
56
13 12#
56

7.5 (3.0)
5.1 (4.3)
8.1 (3.4)
5.4 (4.1)

Casale
(2003)[22]

Titanium
Fluoroplastic-platinum

0.4
0.6

30 12#
30

13.3 (NR)
14.1 (4.6)

Reference
2.4 (0.5 to 4.3)
Reference
2.7 (0.7 to 4.7)
Reference
-8 (NR)

Legend to Table 4
ABG = air-bone gap; CI = confidence interval; n = number of procedures; SD = standard deviation; * =
frequencies used: 500, 1000, 2000 and 3000 Hz; # = frequencies used: 500, 1000, 2000 and
4000 Hz; § = frequencies used: 500, 1000 and 2000 Hz; ^ = ABGs were calculated using postoperative
air-conduction thresholds and best preoperative bone-conduction thresholds.
Differences printed in bold are statistically significant. Positive mean differences are in favor of the
larger-diameter piston.

The majority of the studies that reported air-bone gap closure to 10 dB or less or mean postoperative air-bone gap calculated these values using the postoperative mean bone-conduction
threshold and postoperative mean air-conduction threshold. Two studies used the preoperative
mean bone-conduction threshold and postoperative mean air-conduction threshold for
calculating the mean postoperative air-bone gap [14, 33].
Five studies did not report our primary or secondary outcome measures, but did report puretone audiometric results [15, 17, 20, 23, 24]. Cavaliere et al analyzed the difference between
preoperative bone-conduction thresholds and postoperative air-conduction thresholds per
frequency at one-week and one-month follow-up [15]. No statistically significant differences
were found between the use of a 0.4-mm-diameter Teflon piston and a 0.6-mm-diameter Teflon
piston. Both Gristwood and Venables [17], and Grolman et al [24] reported the gain in airconduction thresholds per frequency. Gristwood and Venables evaluated the use of various
0.4-mm-diameter pistons and various 0.6-mm-diameter pistons [17]. Patients were evaluated
at 3-month, 1-year, 3-year, 5-year, 10-year, 15-year and 20-year follow-up. Differences in airconduction gain of 0 to 6 dB were found between the two sizes at 250, 500, 1000, 2000,
3000, 4000, 6000 and 8000 Hz. Grolman et al compared a 0.3-mm-diameter Cawthorne
Teflon piston with a 0.4-mm-diameter Causse piston at two-year follow-up [24]. Clinically
relevant differences in air-conduction gain of 5 to 11 dB were found for the lower frequencies
(125, 250, 500 and 1000 Hz) in favor of the 0.4-mm-diameter piston. Teig and Lindemann
compared a 0.4-mm-diameter, 0.6-mm-diameter and 0.8-mm-diameter Teflon wire piston
[23]. Mean postoperative air-conduction thresholds were compared between these groups
for each frequency (250, 500, 1000, 2000, 3000 and 4000 Hz). For the frequencies 250,
500, 1000 and 2000 Hz, the postoperative air-conduction thresholds were statistically
significantly lower for the larger-diameter pistons. Differences ranged from 4 to 10 dB when
comparing the 0.4-mm-diameter piston with the 0.6-mm-diameter piston and between 5
and 8 dB when comparing the 0.6-mm-diameter piston with the 0.8-mm-diameter piston.
Forton et al briefly mentioned in their discussion section a statistically significant difference
of 6 dB in average gain in air-conduction threshold measured over the frequencies 500,
1000, 2000 and 4000 Hz in favor of a 0.6-mm-diameter àWengen titanium piston compared
to a 0.4-mm-diameter àWengen titanium piston [20]. Postoperative SNHL was analyzed in
eight studies (Table 5) [15, 18-22, 24, 33]. Temporary SNHL occurred in one case in one of
these studies [21]. One study reported permanent SNHL in 1% (n = 2) of cases treated with a
0.4-mm-diameter piston and in 2% (n = 1) of cases treated with a 0.6-mm-diameter piston [19].
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Table 5. The effect of piston diameter on postoperative sensorineural hearing loss.
Study

Prosthesis

(year)

Type

Shaft
diameter
(mm)

Cavaliere
(2012)[15]

Teflon

0.4
0.6

51 1000, 2000
47 and 4000

>10 dB
0 (0)
deterioration 0 (0)

Reference
0 (-4 to 4)

Hornung
(2011)[18]

Nitinol
SMart

0.4
0.5

31 1000, 2000
31 and 4000

Irreversible
SNHL

0 (0)
0 (0)

Reference
0 (-6 to 6)

Cotulbea
(2009)[19]

Titanium
Teflon and
stainless steel
Teflon

0.4
0.4

162 500, 1000.
45 2000 and
3000
49

>20 dB
1 (1)
deterioration 2 (1)

-1 (-6 to 3)
0 (-6 to 6)

2 (1)

Reference

Forton
(2009)[20]

àWengen

0.4
0.6

28 500, 1000.
34 2000 and
4000

>15 dB
0 (0)
deterioration 0 (0)

Reference
0 (-6 to 6)

Mangham
(2008)[21]

Teflon

0.5
0.6

13 1000, 2000
59 and 4000

>10 dB
8 (1)*
deterioration 0 (0)

Reference
8 (-9 to 24)

Casale
(2003)[22]

Titanium
Fluoroplasticplatinum

0.4
0.6

30 1000, 2000
30 and 4000

>10 dB
0 (0)
deterioration 0 (0)

Reference
0 (-6 to 6)

Grolman
(1997)[24]

Cawthorne
Teflon
Causse Teflon

0.3

>10 %

0 (0)

Reference

0.4

34 500, 1000,
2000 and
26 4000

deterioration 0 (0)

0 (-6 to 6)

Mangham
(1993)[33]

Teflon wire

0.4
0.6
0.8

13 500, 1000,
75 and 2000
20

>10 dB
0 (0)
deterioration 0 (0)
0 (0)

Reference
0 (-10 to 10)
0 (-12 to 12)

0.6

Frequencies Deﬁnition
used
SNHL
n. (Hz)

SNHL

Risk difference

(% (n)

(% (95% CI))

Legend to Table 5
CI = confidence interval; n = number of procedures; SNHL = sensorineural hearing loss; * = one case of
temporary SNHL, which improved to less than 10 dB SNHL following a course of corticosteroids. Positive
risk differences are in favor of the larger-diameter piston.

Discussion

Summary of main results
The objective of this systematic review was to evaluate the effect of piston diameter in
primary stapedotomy measured by hearing outcome. Twelve studies with moderate to high
relevance and moderate risk of bias were included for data extraction. Air-bone gap closure
to 10 dB or less was assessed in six studies, the majority of which did not show a statistically
significant difference between two pistons with a different diameter, and they did not show
a clinically relevant difference. More importantly, the differences that were found were not
consistently in favor of smaller-diameter pistons or larger-diameter pistons. Mean postoperative
air-bone gap ranged from 3 dB in favor of a smaller-diameter piston to 3 dB in favor of a
larger-diameter piston across four studies. Permanent SNHL was assessed in eight studies
and occurred in only one study. In this study no difference was found between a 0.4-mmdiameter piston and a 0.6-mm-diameter piston.
It needs to be noted that reduction of the piston diameter seems to be limited. It is reasonable
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to assume that an extremely narrow piston will not effectively transmit sound energy into the
vestibule. The smaller diameter results in less volume displacement, so that the total volume
velocity is smaller when using smaller-diameter pistons compared to larger-diameter pistons
[6, 35]. Only two studies evaluated the effectiveness of very small pistons [16, 24]. Grolman
et al did find better results for a 0.4-mm-diameter in comparison with a 0.3-mm-diameter
piston [24]. However, Van Rompaey et al showed that a 0.3-mm-diameter piston performs
better than both a 0.4-mm-diameter and 0.6-mm-diameter piston [16].

Potential confounding factors
Differences in fenestration size, prosthesis material and preoperative pure-tone thresholds
between the two treatment groups may influence hearing results. Fenestration sizes were
not mentioned in four studies [14-17]. In six studies, the diameter of the fenestration was
slightly larger than the piston diameter in both treatment arms and thus correlated to piston
diameter [19, 20, 22-24, 33]. Only one of the included studies evaluated the effect of
fenestration size on postoperative hearing results [21]. Fenestrations were labeled
small when the difference between the piston diameter and fenestration diameter was
0.05 mm or less. In large fenestrations, the difference was greater than 0.05 mm. Differences
between small and large fenestrations regarding mean postoperative air-bone gaps were
not statistically significant for both diameters that were used (7 dB versus 8 dB for the
0.5-mm-diameter Teflon piston and 5 dB versus 5 dB for the 0.6-mm-diameter Teflon piston).
Seven studies [14, 15, 20, 21, 23, 24, 33] used the same type of prosthesis or material in
both treatment groups, whereas the other five studies [16-19, 22] did not use the same type
of prosthesis or used a variety of prosthesis types in both treatment groups. In studies using
different prostheses and in studies using the same type of prosthesis, part of the included
studies show no difference in hearing outcomes between two differently sized pistons, whereas
the other part does show a clinically relevant difference in favor of larger-diameter pistons.
Only five studies reported preoperative hearing thresholds [14, 18, 19, 22, 23]. In the study
performed by Casale et al, the mean preoperative air-bone gap was statistically significantly
larger in the 0.6-mm-diameter group compared to the 0.4-mm-diameter group (45 dB versus
40 dB respectively) [22]. Differences in mean preoperative air-bone gap ranged between
0 and 2 dB in the studies by Gupta et al [14], Hornung et al [18] and Cotulbea et al [19]. These
differences were not statistically significant. Teig and Lindemann reported that both
mean preoperative air-conduction thresholds and bone-conduction thresholds were not
statistically significantly different between the treatment arms [23]. In the remaining studies
it is unclear whether differences in preoperative hearing thresholds might have influenced
the postoperative hearing results [15-17, 20, 21, 24, 33].

Quality of evidence
All studies that were included in this review were characterized by a moderate risk of bias.
Only one of the included studies was randomized. Randomization with adequate concealment
of allocation balances known and unknown prognostic factors evenly over the compared
groups. If randomization is not achieved, confounding by indication becomes an issue.
Differences in outcome may be explained by differences in indication for surgery.
Smaller-diameter pistons are usually preferred over larger-diameter pistons in case of
certain anatomic conditions, such as a dehiscent or overhanging facial nerve, and a
persistent stapedial artery. If smaller-diameter pistons are systematically used in high-risk
situations, it is not possible to associate hearing outcomes with piston diameter. In this
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case, differences in hearing outcomes between two types of pistons might as well be
attributed to high-risk anatomic conditions.
It was unclear whether blinding of patients or outcome assessors was achieved in all but one
of the included studies. Blinding prevents differences in expectations or behavior of patients
or outcome assessors. A lack of blinding is especially troublesome when subjective outcome
measures are used [36]. Pure-tone audiometry is subjective and relies on both the cooperation
of the patient and the interpretation of the audiologist.
Sample sizes were relatively small. Stapedotomy is a highly successful surgery with success
percentages ranging between 72 and 94% in large series [2, 4]. There is not a lot of room
for improvement and it is not surprising that differences are relatively small and statistical
significance is not reached in the majority of the included studies. Van Rompaey et al have
shown that a sample size of 413 patients per group is needed to detect a 2 dB difference in
postoperative air-bone gap improvement [37]. Our own sample size calculation shows us that
a sample size of 202 patients per group is needed to detect a 10% difference in success. The
value of alpha was set at 0.05 and the power at 80%.

Potential biases in review
To our knowledge, this is the first review to not only systematically evaluate, but also critically
appraise the available evidence on this topic. The search strategy was transparent and thorough.
The screening of eligible articles as well as the study assessment of selected studies was
performed by two independent authors, thereby limiting erroneous subjective decisions as
much as possible. The assessment of both relevance and risk of bias of the selected studies
led to the elimination of evidence with a low relevance or high risk of bias. There are two
limitations that could have potentially biased the results presented in this review. First, one
study was excluded based on language (Russian) [13]. There is a possibility that this article
was relevant to our review. Second, cross-reference checking revealed one additional article
[33]. This article was not retrieved in the initial search, because the search term prosthesis
or any of its synonyms was not mentioned in the title or the abstract. Leaving out the search
term prosthesis and its synonyms, leads to the retrieval of over 10,000 articles. Therefore, we
chose not to adjust the search strategy.
Overall completeness and applicability of evidence
In general, the included studies were characterized by heterogeneities in study populations,
prosthesis types, reported outcomes and follow-up durations. Tables 3 to 5 show that different
types of prostheses were used with different weights. Rosowski and Merchant have shown in
a mathematical model that large increases in stapes mass, up to 16 times the usual mass, lead
to conductive hearing losses less than 10 dB [6]. Therefore, it is not likely that the use of different
types of prostheses influenced the results.
The reported hearing outcomes differed between studies, which makes it harder to compare
the studies. Most studies reported success percentages or mean postoperative air-bone gaps,
but some only reported improvement in air-conduction threshold (per frequency) or p -values
were reported without reporting the effect size. Furthermore, the studies that evaluated SNHL
used different definitions. Most studies defined SNHL as an increase in mean postoperative
bone-conduction threshold for the frequencies 1000, 2000 and 4000 Hz, which is in
accordance with the AAO-HNS guidelines [12]. Forton et al [20] and Grolman et al [24] added
500 Hz when calculating the mean postoperative bone-conduction threshold and thus used
the frequencies 500, 1000, 2000 and 4000 Hz. Mangham (1993) used the frequencies 500,
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1000 and 2000 Hz [33]. The definition of “substantial increase” in mean bone-conduction
threshold also varied. Whereas the majority of the included studies used a cut-off value of
more than 10 dB increase [15, 21, 22, 33], there were also studies that used a cut-off value
of more than 20 dB [19], more than 15 dB [20] or more than 10% [24], and one study simply
evaluated “irreversible SNHL” without mentioning a cut-off value [18].

Implications for research
Pooling of the available evidence is not possible as a result of heterogeneities in study populations,
prostheses types, reported outcomes and follow-up durations. Since there is a lot of data on
this topic, an individual patient data (IPD) meta-analysis could provide more insight. Instead
of extracting data from the study articles, original research data for each patient is sought
directly from the authors of the included study articles. These data can be re-analyzed and
combined in meta-analyses. There are numerous potential benefits of using individual
patient data for a meta-analysis, including the increased statistical power, standardization of
reported outcomes and follow-up duration and the option of performing multivariable analyses
[38, 39]. Increasing statistical power is particularly interesting for rare outcomes, such as
postoperative SNHL, and for detecting small differences in hearing outcomes, such as the
percentage of postoperative air-bone gap closure to 10 dB or less [37, 40]. Furthermore,
results from unpublished studies can be calculated and incorporated, thereby reducing the
risk of publication bias. Such an approach does require the collaboration of researchers and
the data has to be available. The IPD approach is not feasible when researchers do not wish to
collaborate or patient data have been destroyed or lost.
Since the randomized controlled trial is the gold standard for clinical trials, we decided to
start a new trial in our center. Under the hypothesis that the use of a larger-diameter piston
in stapedotomy for otosclerosis is associated with superior hearing outcomes compared to the
use of a smaller-diameter piston, we will be comparing the effect of a 0.4-mm-diameter piston to a
0.6-mm-diameter piston. The trial has been registered in the Dutch Trial Register and details
can be found online (http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=4509).
Conclusion and recommendation
There is inconsistent evidence of moderate quality for the effect of piston diameter in primary
stapedotomy for otosclerosis patients on hearing outcomes and SNHL. Approximately half
of the included studies in this review show no difference in hearing outcomes between two
differently sized pistons. The other half does show a clinically relevant difference in favor of
larger-diameter pistons. Some of these studies evaluated postoperative air-bone gap, while
others reported improvement in air-conduction thresholds (per frequency). None of the studies
showed a difference in SNHL.
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Abstract
Objective: to evaluate the effect of crimping techniques in stapes surgery for otosclerosis
patients measured by hearing outcomes on pure-tone audiometry.
Data sources: PubMed, EMBASE and the Cochrane Library.
Review methods: a systematic search was conducted. Studies comparing the effect of different
crimping methods on pure-tone audiometric results in patients undergoing stapes surgery
for otosclerosis were included. Relevance and risk of bias were assessed. Absolute risks and
risk differences, means and mean differences, and 95% confidence intervals were extracted
or calculated for the primary and secondary outcomes, which were air-bone gap closure to 10
dB or less, mean postoperative air-bone gap and postoperative sensorineural hearing loss.
Results: 22 studies with moderate or high risk of bias were included for data extraction. Airbone gap closure to 10 dB or less was assessed in 17 studies and mean postoperative air-bone
gap in 20 studies. The hearing outcomes did not consistently favor one crimping method.
However, the differences that were statistically significant were consistently in favor of heat
crimping over manual and no crimping (difference in air-bone gap closure to 10 dB or less
ranged between 22 and 53% in these studies and difference in mean postoperative air-bone
gap between 2.8 and 9.0 dB) and in favor of manual crimping over no crimping (30%
difference in air-bone gap closure to 10 dB or less and difference in mean postoperative airbone gap between 2.7 and 6.0 dB).
Conclusion: moderate to high risk of bias and inconsistent results characterize the current
evidence. Until further high-quality studies with a sufficient follow-up duration confirm the
statistically significant findings, it seems justified that surgeons use the type of prosthesis
with which they feel most comfortable.
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Background
Otosclerosis is characterized by abnormal sponge-like bone growth in the otic capsule, causing
stapes footplate fixation, leading to progressive hearing loss, vertigo and/or tinnitus [1].
It can be treated conservatively by using hearing aids or surgically by removing all or part
of the stapes and bypassing the stapes footplate with a prosthesis. Stapes surgery has
proven to be a safe and effective treatment option for otosclerosis with success percentages
ranging between 72 and 94% [2-4]. However, there is a small risk of permanent severe
sensorineural hearing loss (SNHL) of less than 1% [3-5].
Since the introduction of stapes surgery for otosclerosis, a myriad of different prostheses has
been developed. Shape, size and type of material have been the main focus in differentiating
prostheses. One of the critical steps during stapes surgery is coupling or crimping the
prosthesis onto the incus. Tight crimping, loose crimping and mechanical trauma during
crimping can all potentially lead to incus erosion [6-9]. Furthermore, both experimental
and clinical studies have shown that the quality of crimping is associated with postoperative
hearing results [10, 11]. As a result, prostheses have been developed that are crimped to the
incus in various fashions. Initially, prostheses were available that were coupled to the incus
and required no additional crimping (e.g., bucket-handle and cup prostheses, as well as
self-crimping prostheses, such as the CliP prostheses) or were crimped to the incus by using
manual force (e.g., Teflon, fluoroplastic and wire pistons). More recently, shape-memory,
heat-crimping prostheses have been used, which are made of a nickel and titanium alloy
known as Nitinol. Heat is applied to the prosthesis using a laser or bipolar forceps, causing
the prosthesis loop to close because of the shape-memory properties of Nitinol [12].
Using a laser-crimped Nitinol prosthesis requires no direct contact with the prosthesis or
incus, thereby preventing trauma that may be caused by manual crimping. Manual crimping
is also technically more difficult than heat crimping and may lead to higher rates of incus
necrosis due to malcrimping [8]. On the other hand, heat crimping may cause vaporization
of blood vessels with necrosis of the long process of the incus as a result [13].
Because the goal of stapes surgery is to obtain the most improvement in hearing for
the patient, our aim was to identify which crimping method(s) results in the best hearing
outcome in the available literature. Thus, the objective of this systematic review
was to evaluate the effect of different crimping techniques in stapes surgery for
otosclerosis measured by hearing outcomes on pure-tone audiometry.
Methods
This systematic review was written using the Preferred Reporting Items for Systematic reviews
and Meta-Analyses checklist [14]. No review protocol exists for this systematic review.

Retrieving studies
A systematic search in PubMed, EMBASE and the Cochrane Library was conducted on April 6,
2015. Relevant synonyms for the search terms otosclerosis, stapedotomy and crimping were
combined (see Table 1 for the full search strategy). Two assessors (I.W. and J.E.S.) excluded
duplicate titles and independently screened the titles and abstracts of the retrieved records
(see Figure 1 for the full list of selection criteria). Studies on the effect of different coupling or
crimping mechanisms in patients undergoing stapes surgery for otosclerosis were included.
Studies had to report one of our primary or secondary outcomes: closure of the air-bone gap
to 10 dB or less, mean postoperative air-bone gap or postoperative SNHL. Only comparative
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studies reporting original study data were eligible. Duration of follow-up, language and
publication date were not used as criteria for eligibility. The same two reviewers screened
the full texts of the eligible articles using the same inclusion and exclusion criteria. Related
publications that were not identified by the initial literature search were searched in PubMed
and Scopus. Selected articles and related reviews were hand searched for relevant crossreferences.
Table 1. Search strategy (date of search: April 6, 2015)
Database

Search

PubMed

(otoscler*[tiab] OR otospong*[tiab] OR otosclerosis[MeSH] OR
stapedot*[tiab] OR stapedect*[tiab] OR “stapes surgery”[tiab] OR
“stapes surgery”[MeSH]) AND (crimping[tiab] OR crimped[tiab] OR
coupling[tiab] OR coupled[tiab] OR connection[tiab] OR connecting[tiab] OR
linking[tiab] OR fixing[tiab] OR “prosthesis type”[tiab] OR
“prosthesis types”[tiab] OR nitinol[tiab] OR nitibond[tiab] OR SMart[tiab] OR
bucket[tiab] OR CliP[tiab])

191

EMBASE

(otoscler*:ti,ab OR otospong*:ti,ab OR otosclerosis/exp OR stapedot*:ti,ab
OR stapedect*:ti,ab OR “stapes surgery”:ti,ab OR “stapes surgery”/exp OR
stapedotomy/exp OR stapedectomy/exp) AND (crimping:ti,ab OR
crimped:ti,ab OR coupling:ti,ab OR coupled:ti,ab OR connection:ti,ab OR
connecting:ti,ab OR linking:ti,ab OR fixing:ti,ab OR “prosthesis type”:ti,ab
OR “prosthesis types”:ti,ab OR nitinol:ti,ab OR nitibond:ti,ab OR SMart:ti,ab
OR bucket:ti,ab OR CliP:ti,ab)

199

The
Cochrane
Library

(otoscler* OR otospong* OR stapedot* OR stapedect* OR “stapes surgery”)
AND (crimping OR crimped OR coupling OR coupled OR connection OR
connecting OR linking OR fixing OR “prosthesis type” OR “prosthesis types”
OR nitinol OR nitibond OR SMart OR bucket OR CliP)

13

Hits

Assessing studies
Using predefined criteria, two reviewers (I.W. and J.E.S.) independently assessed the selected
studies for their relevance and risk of bias (see Table 2 for the assessment criteria). Relevance
was scored to ensure that studies reported applicable outcomes for a well-defined patient
group. This involved the evaluation of the study population, compared treatments and
outcomes. Studies were classified as having high, moderate or low relevance if they complied
with all three, two or one of these criteria respectively. Assessment of risk of bias was based
on the Cochrane Collaboration’s tool for assessing risk of bias [15] and involved the
evaluation of six items: adequate randomization, blinding of treatment nature and outcome
assessment, standardization of treatment, standardization of outcome assessment,
standardization of the follow-up moment and completeness of reported data. Studies
were classified as having a low risk of bias if they satisfied all of these criteria. Studies
were classified as having a moderate risk of bias if they satisfied at least three criteria. The
remaining studies were classified as having a high risk of bias.
Data extraction
From the included studies, two authors (I.W. and J.E.S.) extracted descriptive data of patients
and treatments. We acknowledged three types of crimping techniques: heat crimping, manual
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crimping and no crimping. Self-crimping, bucket-handle and cup prostheses that do not require
manual or heat crimping were all considered to be part of the group “no crimping”. The primary
outcome measure was closure of the mean air-bone gap to 10 dB or less, which is generally
considered a successful outcome of stapes surgery in the sense of the surgeon’s technical
success [4, 16]. The secondary outcome measures were mean postoperative air-bone gap and
postoperative SNHL. Mean thresholds were preferably calculated for the frequencies 500,
1000, 2000 and 3000 Hz, in accordance with the American Academy of Otolaryngology –
Head and Neck Surgery (AAO-HNS) guidelines [17]. For the primary outcome and the secondary
outcome SNHL, the absolute risks and risk differences were extracted. For the secondary
outcome mean postoperative air-bone gap, the means and mean differences were extracted.
95% confidence intervals were calculated according to standard binomial distribution and
Gaussian distribution respectively using Review Manager (RevMan) software (version 5.2.3)
(Copenhagen: the Nordic Cochrane Centre, the Cochrane Collaboration, 2012). If the desired
outcome measures were not given or could not be calculated, the findings were documented
as reported in the article.
Results

Retrieving studies
A total of 403 articles were retrieved of which 236 were unique (Figure 1; date of last search
was April 6, 2015). We included 22 articles after selection based on title and abstract, and
subsequent full text screening [7-10, 18-35]. No articles were excluded based on language,
nor were any articles excluded because we could not retrieve the full-text version. One
additional article was identified through cross-reference checking [36]. This article was not
retrieved in our initial search, because it is not indexed in PubMed, EMBASE or the Cochrane
Library. This article reported hearing results in the same study population as one of the
articles that was retrieved through our search strategy [22]. Data were extracted from both papers,
but the two papers were regarded as one study in our study assessment and evaluation of
hearing results. A total of 23 articles describing 22 studies were included for study assessment
[7-10, 18-36].
Assessing studies
As shown in Table 2, all of the included studies were highly relevant. The risk of bias was
moderate in nine studies and high in the remaining 13 studies. In the only randomized trial,
the methods of randomization and information regarding blinding of patients and outcome
assessors were not described [19]. All other studies were cohort studies without randomization
and no mention of blinding.
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Otosclerosis AND Crimping techniques
191
PubMed

199
EMBASE

13
The Cochrane Library

403
Inclusion criteria:
. Therapeutic design
. Original data
. Adults with otosclerosis
. Different crimping and coupling
. techniques in stapes surgery
. Pure-tone audiometric results
Exclusion criteria:
. One-armed studies
. Systematic reviews
. Animal studies
. Laboratory studies
. Opinion papers
. Conference abstracts
. Poster presentations
. Case reports (<10 cases)

Removal of duplicates
236
Title and abstract screening
34
Full-text screening
23

Additional suitable
references (n=1)

Figure 1. Flowchart.
In 17 studies, standardization of treatment was either not achieved or not adequately described.
Primary and revision cases were combined in the analyses performed by Pudel and Briggs
[28], Van Rompaey et al [32] and Schrötzlmair et al [33]. It was not clear whether revision
cases were included in the studies by Rajan et al (2007 and 2005) [29, 30]. In nine studies,
a variety of fenestration techniques were used, including microinstruments, microdrills and/
or (different types of) lasers [8-10, 21, 24-26, 28, 32]. Different prosthesis shaft diameters
were used in the two treatment arms in the study by Hornung et al (0.4-mm-diameter Nitinol
polytetrafluoroethylene prosthesis versus 0.5-mm-diameter SMart prosthesis) [21]. The
prosthesis shaft diameter varied between 0.4 and 0.6 mm in both treatment arms in the studies
by Harris and Gong [9], Kuo et al (2010) [23], Rajan et al (2007) [29] and Kuo et al (2013)
[36]/Shiao et al [22]. The prosthesis shaft diameters were not mentioned in an additional six
studies [8, 18, 28, 30-32]. Various types of prostheses were included in the control groups of
the studies performed by Fayad et al [8], Harris and Gong [9], Huber et al [10] and Kuo et al
(2010) [23]. Follow-up duration was not standardized in seven studies [7-9, 21, 22, 33, 35,
36]. In an additional three studies, the mean follow-up duration, standard deviation or range
were not adequately described [18, 31, 34]. A substantial amount of outcome data, 52% and
24% respectively, were missing in two studies [23, 35]. A complete-case analysis was performed
in both of these studies. In another six studies it was not clear whether outcome data were
missing [7, 9, 19, 20, 30, 32]. None of the included studies were characterized by a low risk
of bias; therefore we chose to include all studies for data extraction.

42

SYSTEMATIC REVIEW OF THE EFFECT OF CRIMPING TECHNIQUES

Standardization (FU)

?

Cho (2011) [20]

H

?

Fayad (2009) [8]

H

?

Harris (2007) [9]

H

?

Hornung (2011) [21]

H

?

H

Huber (2008) [10]

H

?

M

Kuo (2013) [36], Shiao (2014) [22]

H

?

H

Kuo (2010) [23]

H

?

H

Mangham (2010) [24]

H

?

M

Mangham (2008a) [25]

H

?

M

Mangham (2008b) [26]

H

?

M

Perkins (1992) [27]

H

?

M

Pudel (2008) [28]

H

?

Rajan (2007) [29]

H

?

?

Rajan (2005) [30]

H

?

?

Raske (2001) [31]

H

?

?

Van Rompaey (2009) [32]

H

?

Schrötzlmair (2013) [33]

H

?

Tange (2008) [34]

H

?

Tenney (2008) [35]

H

?

H

Brown (2007) [7]

?
?

?

Risk of bias

?

H

Brar (2012) [19]

Complete data

H

Babighian (2009) [18]

Blinding

?

Relevance

?

Outcome

?

Treatment

Standardization (O)

Risk of bias
Standardization (T)

Relevance

Randomization

Study (year)

Study population

Table 2. Study assessment.

H

?
?

H

?

H

?

M
H

?

H

M
M
?

H
H

?
?

H
H

?

M
H

Legend to Table 2
T = treatment; O = outcome; H = high; M = moderate; L = low; ? = unclear, no information provided.

Relevance
Study population:
= stapes surgery for otosclerosis;
= other. Treatment:
= comparison of two
prostheses with different crimping methods;
= other. Outcome:
= air-bone gap closure to 10 dB
or less, mean postoperative air-bone gap or sensorineural hearing loss;
= other.
Risk of bias
Randomization:
= adequate randomization (e.g. random number table or coin toss); = no adequate
randomization (e.g. sequence generated by date of admission or allocation by judgment of clinician).
Blinding of crimping method during postoperative pure-tone audiogram and interpretation of puretone audiogram:
= patients and clinicians blinded;
= only patients blinded or no blinding.
Standardization of surgical procedure (T) regarding stage of surgery, surgical technique, fenestration
method and prosthesis shaft diameter: = yes; = no. Standardization of postoperative pure-tone
audiogram (O) with regard to frequencies used and methods for averaging pure-tone thresholds:
= yes;
= no. Standardization of follow-up (FU) moment: = yes; = no. Completeness of outcome
data:
= up to 20% missing data and loss to follow-up;
= more than 20% missing data and loss to
follow-up.
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Data extraction
To increase comparability between study arms, only patients treated with a 0.6-mm-diameter
piston in the study performed by Mangham (2008b) were included in our analyses [26]. A
0.5-mm-diameter piston was used in a smaller subgroup of patients, all of which were Teflon
pistons. From the study performed by Perkins et al, only procedures including a blood seal
were included in our analyses; the treatment arm undergoing stapedotomy with vein graft
interposition was excluded from our analyses because this procedure was only performed in
the bucket prosthesis group [27]. Three studies included more than two treatment arms [25,
32, 33]. Six studies evaluated their study populations at more than one follow-up moment
[19, 21, 26, 29, 30, 35]. Pooling of the available evidence and subsequent meta-analysis was
not possible as a result of heterogeneity in study populations, prosthesis types, prosthesis
shaft diameters, surgical techniques, pure-tone audiometric frequencies and follow-up durations.
Air-bone gap closure to 10 dB or less
Seventeen studies evaluated the effect of different crimping mechanisms on air-bone gap
closure to 10 dB or less (Table 3, Figures 2 to 4). In three out of 13 studies comparing heat
crimping to manual crimping, statistical significance was reached with risk differences
of 22 to 42%, all in favor of heat crimping [10, 23, 28]. In the studies in which statistical
significance was not reached, approximately half of the studies favored heat crimping [18,
19, 22, 26, 33, 35, 36] and the other half favored manual crimping [8, 20, 24, 32]. Three
studies compared heat crimping to no crimping. One study showed a statistically significant
risk difference of 53% in favor of heat crimping [33]. Two studies reported risk differences
in favor of no crimping, albeit not statistically significant [21, 32]. Approximately half of the
studies comparing manual to no crimping favored manual crimping [25, 32, 34] and half
favored no crimping [25, 31, 33]. Only one of these studies reached statistical significance
with a risk difference of 30% in favor of manual crimping [33].
Table 3. The effect of different crimping methods on air-bone gap closure to 10 dB or less.
Mean follow-up ABG < 10 dB
Crimping n. (months (SD))
(%)

Study
(year)

Prosthesis
type

Babighian
(2009)[18]

SMart
Heat
Teflon-Platinum Manual

21 >12 (NR)‡
39

Brar
(2012)[19]

Nitinol
Teflon
Nitinol
Teflon

Heat
Manual
Heat
Manual

20
20
20
20

Cho
(2011)[20]

SMart
Platinum wire

Heat
Manual

80 12†#
21

Fayad
(2009)[8]

SMart
Non-SMart

306
Heat
Manual 110

Hornung
(2011)[21]

SMart
Nitinol PTFE
SMart
Nitinol PTFE

Huber
(2008)[10]
Kuo
(2013)[36],

44

1 (NR)¶#
2 (NR), 3 (NR)
and 6 (NR)¶#

Risk difference
(%(95% CI))

71
64

Reference
7 (-17 to 32)

95
90
100
90

Reference
5 (-11 to 21)
Reference
10 (-5 to 25)

93
95

Reference
-3 (-14 to 8)

6 (6)*
7 (7)*

78
84

Reference
-6 (NE)

Heat
None
Heat
None

31 1 (1)*
31 1 (1)*
21 16 (5)*
18 16 (4)*

68
71
90
94

Reference
-3 (-26 to 20)
Reference
-4 (-20 to 12)

Nitinol
Platinum or
titanium

Heat
Manual

75 13 (NR)§#
75 13 (NR)§#

71
43

Reference
28 (13 to 43)

SMart

Heat

34 18 (NR)§

68

Reference
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Shiao
(2014)[22]

Schuknecht
wire

Manual

75

Kuo
(2010)[23]

Nitinol
‘Conventional’

Heat
Manual

16
21

Mangham
(2010)[24]

Nitinol
Platinum

Heat
39 12 (NR)†
Manual 126

92
96

Reference
-4 (-13 to 5)

Mangham
(2008a)[25]

Mangham
Schuknecht
De la Cruz
Titanium CliP
Robinson cup

Manual 151 12 (NR)†
Manual 38
Manual 25
None
31
None
17

93
87
96
84
76

Reference
7 (-5 to 18)
-3 (-11 to 6)
10 (-4 to 23)
17 (-4 to 37)

Mangham
(2008b)[26]

Teflon
Titanium CliP
Teflon
Titanium CliP

Manual
None
Manual
None

56 2 (NR)†
30
56 12 (NR)†
30

91
83
89
83

Reference
8 (-8 to 23)
Reference
6 (-10 to 22)

Pudel
(2008) [28]

SMart
Platinum
fluoroplastic

Heat
Manual

50
66

96
74

Reference
22 (10 to 34)

Raske
(2001)[31]

McGee
Robinson cup

Manual
None

77 >3 (NR)*
16

78
75

Reference
3 (-20 to 26)

3 (NR)*

69
71
75
73
84

Reference
-1 (-15 to 12)
-5 (-19 to 8)
-4 (-19 to 12)
-14 (-30 to 2)

2 (4)*#
3 (5)*#
5 (10)*#

76
54
23

Reference
23 (-3 to 49)
52 (24 to 82)

3 (1)§
3 (1)§

6 (NR)*^

48

20 (0 to 39)

75
33

Reference
42 (12 to 71)

Van Rompaey Nitinol
(2009)[32]
Teflon
Teflon wire
Titanium
CliP

Heat
62
Manual 130
Manual 134
Manual 71
None
43

Schrötzlmair
(2013)[33]

NiTiBOND
Titanium K
CliP àWengen

Heat
Manual
None

21
28
13

Tange
(2008)[34]

Titanium K
CliP àWengen

Manual
None

63 NR†
63

65
71

Reference
-6 (-23 to 10)

Tenney
(2008)[35]

SMart
De la Cruz

Heat
Manual

32 17 (NR)*
39 30 (NR)*

75
59

Reference
16 (-6 to 38)

3

Legend to Table 3
ABG = air-bone gap; CI = confidence interval; n = number of procedures; NR = not reported; NE = not estimable; PTFE = polytetrafluoroethylene; SD = standard deviation; * = 500, 1000, 2000 and 3000 Hz; † =
500, 1000, 2000 and 4000 Hz; ‡ = 500, 1000, 2000, 3000 and 4000 Hz; § = 500, 1000, 2000 and
3000 or average of 2000 and 4000 Hz; ¶ = frequencies unknown; # = unknown whether ABGs were
calculated using postoperative air-conduction and bone-conduction thresholds; ^ = ABGs were
calculated using postoperative air-conduction and preoperative bone-conduction thresholds.
Differences printed in bold are statistically significant. Positive risk differences are in favor of the
reference prosthesis.
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Brar (2012) [1 mo] 1
Brar (2012) [2 mo] 1
Mangham (2008b) [2 mo] 1
Brar (2012) [3 mo] 1
Kuo (2010) [3 mo] *
Van Rompaey (2009) [3 mo] 2
Van Rompaey (2009) [3 mo] 3
Van Rompaey (2009) [3 mo] 4
Schrötzlmair (2013) [3 mo] 1
Brar (2012) [6 mo] 1
Fayad (2009) [6 mo] *
Pudel (2008) [6 mo] *
Cho (2011) [12 mo] *
Mangham (2010) [12 mo] 3
Babighian (2009) [>12 mo] 4
Huber (2008) [13 mo] *
Kuo (2013) / Shiao (2014) [18 mo] 1

Favors heat
crimping

10
0

50

Favors manual
crimping

0

-50

Tenney (2008) [24 mo] *

Air-bone gap closure to 10 dB or less (%)
Figure 2. Comparison of the effect of heat crimping and manual crimping on air-bone gap closure to
10 dB or less. Dots represent risk differences in % and error bars represent 95% confidence intervals.
* = statistically significant differences; 1 = one study population with various follow-up moments; 2 =
Nitinol versus Teflon; 3 = Nitinol versus Teflon-wire; 4 = Nitinol versus titanium.
Hornung (2011) [1 mo] 1
Van Rompaey (2009) [3 mo] *
Schrötzlmair (2013) [3 mo] *

Favors heat
crimping

10
0

50

Favors no
crimping

0

-50

Hornung (2011) [16 mo] 1

Air-bone gap closure to 10 dB or less (%)
Figure 3. Comparison of the effect of heat crimping and no crimping on air-bone gap closure to 10 dB or
less. Dots represent risk differences in % and error bars represent 95% confidence intervals. * = statistically
significant differences; 1 = one study population with various follow-up moments.
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Van Rompaey (2009) [3 mo] 1
Van Rompaey (2009) [3 mo] 2
Van Rompaey (2009) [3 mo] 3
Raske (2001) [>3 mo] 1
Schrötzlmair (2013) [4 mo] *

3

Mangham (2008a) [12 mo] 4
Mangham (2008a) [12 mo] 5
Mangham (2008a) [12 mo] 6
Mangham (2008a) [12 mo] 7
Mangham (2008a) [12 mo] 8
Mangham (2008a) [12 mo] 9

Favors manual
crimping

10
0

50

Favors no
crimping

0

-50

Tange (2008) [NR] *

Air-bone gap closure to 10 dB or less (%)
Figure 4. Comparison of the effect of manual crimping and no crimping on air-bone gap closure to 10
dB or less. Dots represent risk differences in % and error bars represent 95% confidence intervals.
* = statistically significant differences; 1 = Teflon versus CliP; 2 = Teflon-wire versus CliP; 3 = titanium
versus CliP; 4 = Mangham versus titanium CliP; 5 = Mangham versus Robinson cup; 6 = Schuknecht
versus titanium CliP; 7 = Schuknecht versus Robinson cup; 8 = De la Cruz versus titanium CliP; 9 = De
la Cruz versus Robinson cup.

Postoperative air-bone gap
Twenty studies evaluated the effect of different crimping mechanisms on mean postoperative air-bone gap (Table 4, Figures 5 to 7). Three out of 14 studies comparing heat crimping to manual crimping showed a statistically significant superiority of heat crimping over
manual crimping [10, 23, 29]. In the study performed by Rajan et al (2007) [29], statistical
significance was reached at all four follow-up moments with mean differences of -7.1 dB, -7.2
dB, -7.4 dB and -7.2 dB at 6-, 12-, 18- and 24-month follow-up, respectively. Huber et al [10]
reported a mean difference of -3.6 dB and Kuo et al (2010) [23] reported a mean difference
of -5.2 dB in favor of heat crimping. In a fourth study, it was not possible to calculate a 95%
confidence interval around the mean difference, but the authors did state in their article that
the mean differences of -4.6 dB at 2-month follow-up and -2.8 dB at 24-month follow-up
were statistically significant and in favor of heat crimping [33]. Three studies compared heat
crimping to no crimping, one of which showed a statistically significant mean difference of
-9 dB in favor of heat crimping [33]. Two studies reported risk differences in favor of no crimping,
but these differences were not statistically significant [21, 32]. Seven studies comparing
manual crimping to no crimping showed no difference between manual and no crimping, or
showed a difference in favor of manual crimping. In three studies statistical significance was
reached with mean differences of -2.7 to -6.0 dB in favor of manual crimping [25, 26, 33].
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Table 4. The effect of different crimping methods on mean postoperative air-bone gap.
Study
(year)

Prosthesis
Type

Mean follow-up Mean post ABG Difference
Crimping n. (months (SD))
(dB (SD))
(dB (95% CI))

Brar
(2012)[19]

Nitinol
Teflon
Nitinol
Teflon
Nitinol
Teflon
Nitinol
Teflon

Heat
Manual
Heat
Manual
Heat
Manual
Heat
Manual

20
20
20
20
20
20
20
20

Brown
(2007)[7]

Nitinol
Platinum wire

Heat
Manual

41 20 (NR)†#
41 9 (NR)†#

8 (6)
7 (6)

Cho
(2011)[20]

SMart
Platinum wire

Heat
Manual

80 12†#
21

8.2 (2.5)
9.0 (1.4)

Reference
-0.8 (-1.6 to 0.0)

Fayad
(2009)[8]

SMart
Non-SMart

306
Heat
Manual 110

6 (6)*
7 (7)*

7.6 (8.9)
6.0 (5.2)

Reference
1.6 (0.2 to 3.0)

Harris
(2007)[9]

SMart
Stainless steel
or platinum
ribbon Teflon

Heat
Manual

26
28

NR†#

7.1 (8.1)
6.4 (7.5)

Reference
0.7 (-3.5 to 4.9)

Hornung
(2011)[21]

SMart
Nitinol PTFE
SMart
Nitinol PTFE

Heat
None
Heat
None

31 1 (1)*
31 1 (1)*
21 16 (5)*
18 16 (4)*

8.9 (4.3)
9.5 (5.6)
5.7 (5.0)
4.4 (3.1)

Reference
-0.6 (-3.1 to 1.9)
Reference
1.3 (-1.3 to 3.9)

Huber
(2008)[10]

Nitinol
Platinum or
titanium

Heat
Manual

75 13 (NR)§#
75 13 (NR)§#

8.0 (8.1)
11.6 (7.8)

Reference
-3.6 (-6.1 to -1.1)

Kuo
(2013)[36],
Shiao
(2014)[22]

SMart

Heat

34 18 (NR)§

8.6(8.5)

Schuknecht
wire

Manual

75

Kuo
(2010)[23]

Nitinol
‘Conventional’

Heat
Manual

16
21

Mangham
(2010)[24]

Nitinol
Platinum

Mangham
(2008a)[25]

1 (NR)¶#
2 (NR)¶#
3 (NR)¶#
6 (NR)¶#

8.2 (NR)
8.7 (NR)
7.6 (NR)
8.1 (NR)
7.4 (NR)
8.1 (NR)
7.6 (NR)
8.1 (NR)

Reference
-0.5 (NE)
Reference
-0.5 (NE)
Reference
-0.7 (NE)
Reference
-0.5 (NE)
Reference
1.0 (-1.6 to 3.6)

Reference

12.5 (11.8)

-3.9 (-7.8 to 0.0)

7.9 (6.8)
13.1 (7.0)

Reference
-5.2 (-9.7 to -0.7)

39 12 (NR)†
Heat
Manual 126

5.3 (4.3)
4.2 (3.9)

Reference
1.1 (-0.4 to 2.6)

Mangham
Schuknecht
De la Cruz
Titanium CliP
Robinson cup

Manual 151 12 (NR)†
Manual 38
Manual 25
31
None
17
None

5.0 (4.8)
4.5 (6.7)
4.8 (3.0)
7.7 (6.4)
7.1 (4.4)

Reference
0.5 (-1.8 to 2.8)
0.2 (-1.2 to 1.6)
-2.7 (-5.1 to -0.3)
-2.1 (-4.3 to 0.1)

Mangham
(2008b)[26]

Teflon
Titanium CliP
Teflon
Titanium CliP

Manual
None
Manual
None

56 2 (NR)†
30
56 12 (NR)†
30

5.1 (4.3)
8.1 (5.8)
5.4 (4.1)
7.7 (6.1)

Reference
-3.0 (-5.4 to -0.6)
Reference
-2.3 (-4.7 to 0.1)

Perkins
(1992)[27]

Platinum wire
Bucket-handle
prosthesis

Manual
None

18
8

Rajan
(2007)[29]

Nitinol
Titanium
Nitinol

90 6 (NR)*#
Heat
Manual 270
90 12 (NR)*#
Heat

48

3 (1)§
3 (1)§

2 (NR)‡

9.7 (NR)
11.4 (NR)

Reference
-1.7 (NE)

5.5 (4.7)
12.6 (11.1)
5.2 (4.3)

Reference
-7.1 (-8.8 to -5.5)
Reference
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Rajan
(2007)[29]

Titanium
Nitinol
Titanium
Nitinol
Titanium

Manual 270
Heat
90 18 (NR)*#
Manual 270
Heat
90 24 (NR)*#
Manual 270

Rajan
(2005)[30]

Nitinol
Titanium
Nitinol
Titanium
Nitinol
Titanium

Heat
Manual
Heat
Manual
Heat
Manual

16
48
16
48
16
48

McGee
Robinson cup

Manual
None

77 >3 (NR)*
16

7.8 (8.4)
9.6 (8.5)

Raske
(2001)[31]

3 (NR)*#
6 (NR)*#
9 (NR)*#

12.4 (11.3)
5.3 (4.6)
12.7 (11.1)
5.2 (4.5)
12.4 (11.2)

-7.2 (-8.8 to -5.6)
Reference
-7.4 (-9.0 to -5.8)
Reference
-7.2 (-8.8 to -5.6)

6.4 (NR)
14.3 (NR)
6.4 (NR)
14.1 (NR)
6.2 (NR)
14.2 (NR)

Reference
-7.9 (NE)
Reference
-7.7 (NE)
Reference
-8.0 (NE)

3

Reference
-1.8 (-6.4 to 2.8)

Van Rompaey Nitinol
Teflon
(2009)[32]
Teflon wire
Titanium
CliP

Heat
62
Manual 130
Manual 134
Manual 71
None
43

3 (NR)*

7.5 (NR)
7.5 (NR)
6.3 (NR)
6.3 (NR)
6.3 (NR)

Schrötzlmair
(2013)[33]

NiTiBOND
Titanium K
CliP àWengen

Heat
Manual
None

21
28
13

2 (4)*#
3 (5)*#
5 (10)*#

8.2 (7.6)
11.2 (7.1)
17.2 (9.5)

Tange
(2008)[34]

Titanium K
CliP àWengen

Manual
None

63 NR†
63

11.8 (NR)
11.6 (NR)

Reference
0.2 (NE)

Tenney
(2008)[35]

SMart
De la Cruz
SMart
De la Cruz

Heat
Manual
Heat
Manual

47 2 (NR)*
47 2 (NR)*
32 17 (NR)*
39 30 (NR)*

7.1 (NR)
11.7 (NR)
6.1 (NR)
8.9 (NR)

Reference
-4.6 (NE)
Reference
-2.8 (NE)

Reference
0 (NE)
1.2 (NE)
1.2 (NE)
1.2 (NE)
Reference
-3.0 (-7.2 to 1.2)
-9.0 (-15.1 to -2.9)

Legend to Table 4
n = number of procedures; ABG = air-bone gap; CI = confidence interval; SD = standard deviation; PTFE
= polytetrafluoroethylene; NR = not reported; NE = not estimable; * = 500, 1000, 2000 and 3000 Hz; † = 500,
1000, 2000 and 4000 Hz; ‡ = 500, 1000 and 2000 Hz; § = 500, 1000, 2000 and 3000 or average of 2000
and 4000 Hz; ¶ = frequencies unknown; # = unknown whether ABGs were calculated using postoperative
air-conduction and bone-conduction thresholds; ^ = ABGs were calculated using postoperative
air-conduction and preoperative bone-conduction thresholds. Differences printed in bold are statistically
significant. Negative differences are in favor of the reference prosthesis.

Follow-up duration
Ten studies were included with at least 12 months follow-up [10, 18, 20-22, 24-26, 29, 35,
36]. The results of these studies were not consistently in favor of one type of crimping method,
nor were the effect sizes consistently different from the studies in which the follow-up duration
was less than 12 months (see Figures 2 to 7). In four studies, both short-term and long-term
results were assessed [21, 26, 29, 35]. In two of these studies the differences in hearing results
were slightly larger at short-term follow-up than they were at long-term follow-up [26, 35]. In
two studies, the hearing results were consistent over time [21, 29].
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Brar (2012) [1 mo] 1
Brar (2012) [2 mo] 1
Tenney (2008) [2 mo] 1*
Brar (2012) [3 mo] 1
Kuo (2010) [3 mo] *
Rajan (2005) [3 mo] 1
Van Rompaey (2009) [3 mo] 2
Van Rompaey (2009) [3 mo] 3
Van Rompaey (2009) [3 mo] 4
Schrötzlmair (2013) [3 mo] 1
Brar (2012) [6 mo] 1
Fayad (2009) [6 mo] 1
Rajan (2007) [6 mo] 1*
Rajan (2005) [6 mo] 1
Rajan (2005) [9 mo] 1
Cho (2011) [12 mo] 1
Mangham (2010) [12 mo] 1
Rajan (2007) [12 mo] 1*
Huber (2008) [13 mo] *
Brown (2007) [15 mo] *
Kuo (2013) / Shiao (2014) [18 mo] 1
Rajan (2007) [18 mo] 1*
Rajan (2007) [24 mo] 1*
Tenney (2008) [24 mo] 1*

Favors manual
crimping

10

0

Favors heat
crimping

-10

-20

Harris (2007) [NR] 1

Mean postoperative air-bone gap closure (dB)
Figure 5. Comparison of the effect of heat crimping and manual crimping on mean postoperative airbone gap. Dots represent mean differences in dB and error bars represent 95% confidence intervals.
* = statistically significant differences; 1 = one study population with various follow-up moments; 2 =
Nitinol versus Teflon; 3 = Nitinol versus Teflon-wire; 4 = Nitinol versus titanium.
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Hornung (2011) [1 mo] 1
Van Rompaey (2009) [3 mo] *
Schrötzlmair (2013) [3 mo] *

Favors no
crimping

10

0

Favors heat
crimping

-10

-20

Hornung (2011) [16 mo] 1

Mean postoperative air-bone gap closure (dB)
Figure 6. Comparison of the effect of heat crimping and no crimping on mean postoperative air-bone
gap. Dots represent mean differences in dB and error bars represent 95% confidence intervals.
* = statistically significant differences; 1 = one study population with various follow-up moments.
Mangham (2008b) [2 mo] 1*
Perkins (1992) [2 mo] 1
Van Rompaey (2009) [3 mo] 2
Van Rompaey (2009) [3 mo] 3
Van Rompaey (2009) [3 mo] 4
Schrötzlmair (2013) [3 mo] *
Raske (2001) [>3 mo] 3
Mangham (2008a) [12 mo] 5*
Mangham (2008a) [12 mo] 6
Mangham (2008a) [12 mo] 7*
Mangham (2008a) [12 mo] 8
Mangham (2008a) [12 mo] 9*
Mangham (2008a) [12 mo] 10
Mangham (2008b) [12 mo] 1

Favors no
crimping

10

0

Favors manual
crimping

-10

-20

Tange (2008) [NR] 1

Mean postoperative air-bone gap closure (dB)
Figure 7. Comparison of the effect of manual crimping and no crimping on mean postoperative airbone gap. Dots represent mean differences in dB and error bars represent 95% confidence intervals.
* = statistically significant differences; 1 = one study population with various follow-up moments; 2 =
Teflon versus CliP; 3 = Teflon-wire versus CliP; 4 = titanium versus CliP; 5 = Mangham versus titanium
CliP; 6 = Mangham versus Robinson cup; 7 = Schuknecht versus titanium CliP; 8 = Schuknecht versus
Robinson cup; 9 = De la Cruz versus titanium CliP; 10 = De la Cruz versus Robinson cup.
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Sensorineural hearing loss
Postoperative SNHL was assessed in eight studies. Different definitions for postoperative
SNHL were used in these studies. None of the studies reported a significant difference in
SNHL rates between treatment arms. Four studies defined SNHL as a mean bone conduction
deterioration exceeding 10 dB [8, 25, 31] or 15 dB [32], at 1000, 2000 and 4000 Hz. Fayad
et al reported 6% SNHL in the heat-crimped group compared to 2% in the manual crimping
group [8]. Mangham et al (2008a) reported one patient with SNHL in two of the manual
crimping groups (3% in the Schuknecht prosthesis group and 1% in the Mangham prosthesis
group) and none in the other three treatment arms [25]. Raske et al only mentioned the rate
of SNHL in the manual crimping group, which was 3% [31]. SNHL rates of the patients treated
with a noncrimping prosthesis were not provided. In the study by Van Rompaey et al, one
heat crimping, three manual crimping and one group in which prostheses did not have to
be crimped, were compared; risk differences did not exceed 2% between these groups [32].
Permanent SNHL, not otherwise specified, did not occur in either treatment arm in the studies
performed by Hornung et al [21] and Pudel and Briggs [28]. Huber et al [10] reported a 1%
risk difference (95% confidence interval -5 to 2) in permanent SNHL in favor of manual
crimping and Mangham (2010) [24] found a 3% risk difference (95% confidence interval -3
to 9) in favor of heat crimping.
Incus erosion
Seven studies explicitly mentioned incus erosion was not witnessed in their cohort of patients
[7, 10, 20, 21, 26, 29, 34]. In Babighian and Albu’s cohort of patients undergoing revision
surgery, incus erosion was established in 32% of patients intraoperatively [18]. Unfortunately,
no subanalyses for prosthesis type were performed. In the study performed by Pudel and
Briggs [28], incus erosion was established in two out of 50 patients in the SMart prosthesis
group. Mangham et al (2008a) compared five different types of prostheses: three that were
manually crimped and two that required no crimping [25]. Incus erosion was established in
three cases following insertion of a Schuknecht prosthesis, in two cases following insertion
of a De la Cruz prosthesis and in eight cases following insertion of a Mangham prosthesis.
Incus erosion was not witnessed in the prostheses that required no crimping.
Discussion

Summary of main results
The objective of this systematic review was to evaluate the effect of different crimping techniques
in stapes surgery for otosclerosis measured by hearing outcomes. A total of 23 articles,
describing 22 studies with moderate or high risk of bias, were included in this review. Airbone gap closure to 10 dB or less was assessed in 17 studies and mean postoperative air-bone
gap in 20 studies. The differences in these hearing outcomes were not consistently in favor
of one crimping method. However, the differences that were statistically significant were
consistently in favor of heat crimping over manual and no crimping and in favor of manual
crimping over no crimping. SNHL occurred sporadically in one or two cases per study and
risk differences were not statistically significant or clinically relevant. It needs to be noted
that SNHL may not be directly associated with the crimping method, but may be caused by
manipulation of the stapes superstructure or footplate instead [37, 38].
Quality of evidence
A moderate to high risk of bias characterized all included studies. Criteria that scored
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predominantly unsatisfactory or unclear were randomization, blinding and standardization
of treatment. At present, only one randomized trial is available that compared prostheses
with different crimping methods [19]. All of the other studies were cohort studies. However,
in this randomized trial, the randomization methods were not described. Adequate
randomization with concealment of treatment allocation will balance known and unknown
prognostic factors evenly over the compared groups. Inadequate randomization becomes an
issue when selections of patients with either positive or negative prognostic factors are
systematically allocated to one of the treatment arms.
Furthermore, sample sizes were often too small to reach statistical significance. Previous papers
have stressed this issue [39, 40]. Because stapedotomy is a highly successful procedure,
differences in outcome between techniques or prostheses are relatively small. Sample sizes
of around 200 to 400 patients per group are needed to detect a 10% risk difference and 2 dB
mean difference respectively [39, 40].

Prosthesis shaft diameter
Prosthesis shaft diameter is one of the factors that may influence success rates [40]. As mentioned
previously, prosthesis shaft diameters were not mentioned in six studies [8, 18, 28, 30-32]. In
one study, different prosthesis shaft diameters were used in the two treatment arms (0.4-mmdiameter Nitinol polytetrafluoroethylene prosthesis versus 0.5-mm-diameter SMart
prosthesis) [21]. The prosthesis shaft diameter varied between 0.4 and 0.6 mm in both
treatment arms in four studies [9, 22, 23, 29, 36]. The results of these studies were not
consistently in favor of one type of crimping method, nor were the effect sizes consistently
different from the studies that did use one prosthesis shaft diameter for all treatment arms.
We are not able to accurately correct for prosthesis shaft diameter without individual patient
data.
Pure-tone audiometry
Mean preoperative hearing thresholds were reported in 15 studies. The mean preoperative
air-bone gap was statistically significantly different in the studies performed by Brown and
Gantz [7], Cho et al [20] and Van Rompaey et al [32]. These differences were in favor of heat
crimping in the studies performed by Cho et al [20] and Van Rompaey et al [32] (1 to 6 dB)
and in favor of manual crimping in the study performed by Brown and Gantz [7] (7 dB). In
10 studies, the mean difference in preoperative air-bone gap ranged between 0 and 4 dB and
was not statistically significant [8, 9, 21-23, 27, 30, 31, 33, 35, 36]. In two studies, mean
preoperative air-bone gap was reported, but no details on statistical significance were reported
[19, 34]. Differences in mean preoperative hearing thresholds may confound treatment
effects. Randomization will help to eliminate these differences. If randomization is not
performed or differences are present regardless, effect sizes should be corrected for this
potential confounding factor.
One study calculated postoperative mean air-bone gaps and postoperative air-bone gap
closure using preoperative bone-conduction thresholds and postoperative air-conduction
thresholds [28]. This study also reported statistically significant results. In two studies [10,
29] that reported statistically significant results and in four studies [7, 19, 20, 30] without
statistically significant results, it was not clear how postoperative air-bone gaps were calculated.

Adverse events
The nickel component of the Nitinol prosthesis may elicit allergic reactions. Nickel allergies are
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common in the general population with reported prevalences between 10 and 17% [41, 42].
Nonetheless, Nitinol is widely used in other specialties, including implantation in the trachea,
biliary tract, coronary arteries and peripheral vasculature. A large multicenter study identified
nickel allergies in 0.1% of 13,736 patients receiving a nickel-containing cardiac device [43].
No complications were reported in studies included in this review that were attributable to
nickel. Six studies explicitly mentioned that no patients suffered from postoperative allergic
reactions to Nitinol [7-9, 21, 24, 35].
As mentioned previously, each crimping method has specific pitfalls. Manual crimping may
result in mechanical trauma or overcrimping leading to incus erosion. However, the heat of a
heat-crimped prosthesis may cause vaporization of blood vessels supplying the long process
of the incus, leading to incus necrosis. Incus erosion is a rare event and therefore only rarely
described in the included studies. It may be that incus erosion only presents later during
follow-up and was not observed because of the relatively short follow-up duration in these
studies [44]. Therefore, caution should be taken when extrapolating these short-term
findings to the longer-term situation.
Conclusion and recommendation
The effect of the various crimping methods on hearing outcomes after stapes surgery has
been the subject of many studies, although the quality of these studies is relatively low. The
majority of these relatively small studies do not reach statistical significance. Those few
that do reach statistical significance consistently favor the use of heat-crimped prostheses
over manually crimped prostheses and favor manual crimping over no crimping. None of
the crimping methods seem to result in increased adverse events. Until further high-quality
studies with a sufficient follow-up duration confirm these findings, it seems justified that
surgeons use the type of prosthesis with which they feel most comfortable.
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CHAPTER 4

Abstract
Objectives: to develop a prediction model that can accurately predict success following
revision stapes surgery in patients with recurrent or persistent otosclerosis at two-tosix-months follow-up and to validate this model internally.
Study design: a prospective cohort study in a tertiary referral center in France.
Methods: the associations of 11 preoperatively and/or intraoperatively established
prognostic factors with treatment success were tested in 705 cases using multivariable
logistic regression analysis with backward selection. Success was defined as a mean air-bone
gap closure to 10 dB or less. The most relevant predictors were used to derive a clinical
prediction rule to determine the probability of success. Internal validation by means
of bootstrapping was performed. Model performance indices, including the Hosmer-Lemeshow
goodness-of-fit test, the area under the receiver operating characteristics curve (AUC) and
the explained variance were calculated.
Results: success was achieved in 57.7% of cases at two- to six-month follow-up. Certain
previous surgical techniques, primary causes of failure leading up to revision stapes
surgery and positions of the prosthesis placed during revision surgery were associated
with higher success percentages. The clinical prediction rule performed moderately
well in the original dataset (Hosmer-Lemeshow p-value = 0.78; AUC = 0.73; explained
variance = 22%), which slightly decreased following internal validation by means of
bootstrapping (AUC = 0.69; explained variance = 13%).
Conclusion: our study established the importance of previous surgical technique, primary
cause of failure and type of the prosthesis placed during the revision surgery in predicting
success following stapes surgery at two- to six-months follow-up.
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Introduction
Otosclerosis is characterized by abnormal bone growth in the middle ear, resulting in progressive
hearing loss, vertigo and/or tinnitus [1]. Otosclerosis can be treated surgically by removing all
or part of the stapes and replacing it with a prosthesis: stapedectomy or stapedotomy respectively.
Stapes surgery has proven to be a safe and effective treatment option for otosclerosis, with
success percentages ranging between 72 and 94% [2-4]. In those cases where primary stapes
surgery is not successful and patients suffer from a recurrent or residual conductive hearing
loss or complaints of vertigo, a revision surgery can be carried out. Primary causes of failure
include prosthesis dislocation, incus necrosis, adhesions and (re)fixation of the stapes or
prosthesis [5-10]. Surgical outcomes following revision stapes surgery are less favorable
compared to primary stapes surgery with success percentages ranging between 40 and 80%
[5-7, 9-19]. Furthermore, revision surgery is associated with a higher risk of postoperative
sensorineural hearing loss than primary surgery. Large series reported incidences of sensorineural hearing loss of 1 to 8% following revision surgery compared to less than 1% following
primary surgery [2, 4-6, 9, 10, 20, 21].
So far, we have not been able to accurately predict which patients will perform well after revision
stapes surgery and which patients will not. A prediction model could assist the surgeon in
selecting patients for revision surgery, anticipating surgical findings and estimating realistic
hearing expectations for better patient counseling. We aim to develop a prediction model that
can accurately predict success following revision stapes surgery in patients with recurrent
or persistent otosclerosis at two- to six-months follow-up and validate this model internally.
Methods
We performed a prospective cohort study in a tertiary referral center in France. Over the
course of 22 years, the preoperative, intraoperative and postoperative characteristics of patients
undergoing stapes surgery in this center have been prospectively tabulated in the Otology
and Neurotology Database (ONDB) [2].

Study population
Otosclerosis patients undergoing revision stapes surgery between April 1992 and January
2015 were included. Some of these patients underwent surgery on both ears or underwent
multiple revision procedures on the same ear. All of these procedures were included and
therefore we refer to cases instead of patients in this chapter. A total of 1125 cases underwent
revision stapes surgery between April 1992 and January 2015. All cases underwent a CT scan
prior to revision stapes surgery. Cases with concomitant middle-ear pathology established
upon otoscopy, on CT scan or during previous middle-ear surgery, including osteogenesis
imperfecta, congenital ossicular chain malformation, active middle-ear infection, tympanosclerotic stapes fixation and superior semicircular canal dehiscence, were excluded (n = 8). These
comorbidities often require additional surgical interventions. Cases with a complete air-bone gap
closure or dead ear preoperatively were excluded (n = 44). The indication for surgery in these
cases was usually vertigo. Cases with a dead ear postoperatively were excluded as well (n = 13),
because their air-bone gap is 0 dB, which would falsely imply a successful surgery. Lastly,
cases in which postoperative pure-tone audiometry at two- to six-months follow-up was not
available were excluded (n = 355). A total of 705 cases met the inclusion and exclusion criteria.
Because the percentage of patients that were lost to follow-up was substantial (33%), we compared
the baseline characteristics of cases with follow-up to those of cases without follow-up (Table 1).
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Revision stapes surgery
A transcanal procedure was performed in all cases by the same surgeon (R.V.). The procedure
has previously been described elsewhere [2, 10]. The stapes tendon was cut routinely and
reconstructed until 1997. This procedure was then abandoned because the data at the time
suggested no benefit [22]. The malleus and incus were visually inspected. Mobility of the
ossicular chain was assessed by gentle palpation of the ossicles. A laser was used to
vaporize adhesions and fibrous tissue surrounding the previously placed prosthesis. The
connection of the prosthesis to the incus or malleus was checked as well as its position in the
oval window niche. If the stapes footplate had not already been (fully) fenestrated during
a previous surgery, a laser was used to create a fenestration through the remnant stapes footplate. The KTP laser (Lumenis, Inc., Salt Lake City, UT, USA), CO2 laser (OmniGuide, Inc.,
Cambridge, MA, USA and Lumenis, Inc., Salt Lake City, UT, USA) or thulium laser (LISA Laser
Inc., Pleasanton, CA, USA) was used. Using the KTP laser, single pulses at a power of 1 Watt
were delivered at 200 ms intervals. The CO2 laser was set at 1 to 4 Watt with 100 ms intervals
and the thulium laser at 4 to 7 Watt with 100 ms intervals. The KTP laser was used in the
earlier cases, whereas in later cases the CO2 laser was the laser of choice. The thulium laser
was used in a trial setting and appeared to be associated with a lower success percentage and
more inner ear damage in primary stapedotomy for otosclerosis [23]. Therefore, the use of
this laser was suspended. If a fenestration had been created previously, only the perilymph
membrane was reopened. In case of reobliteration, characterized by a bony closure of the
oval window, a regular 0.8-mm fenestration was created using a combination of laser and
Skeeter microdrill (Medtronic Xomed Inc., Jacksonville, FL, USA). In all cases, a vein graft
interposition was used before placing a (new) prosthesis. Perilymph fistulas were closed
using a large vein graft.
Prostheses that were fixed, dislocated, too long or too short were removed and replaced by
a new prosthesis. A 0.4-mm-diameter Teflon piston was used when there were no malleus
or incus abnormalities. A 0.4-mm-diameter bucket-handle Teflon piston was used when the
incus was too short or the facial nerve was dehiscent. A total ossicular replacement
prosthesis (TORP) was used when the incus was eroded, dislocated or absent, or in case of
concomitant malleus ankylosis. A malleus relocation technique was performed in the
majority of the cases receiving a TORP to increase stability of the prosthesis [24]. If no
cause of failure was identified at the time of the surgery, either the previous prosthesis
was left in place or it was replaced by a new prosthesis. The choice between removing
the previous prosthesis and keeping it in place was arbitrary.
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Table 1. Baseline characteristics of cases with and without two- to six-months follow-up.
Variable

Cases with
follow-up

Cases without
follow-up

p-value

Number of cases*

705

355

____

Age at surgery (mean (SD) in years)*

53 (12)

50 (12)

0.001#

Sex (n (%) female)*

465 (66)

235 (66)

0.945^

Operated side (n (%) right)*

346 (49)

172 (48)

0.896^

Preoperative status of TM (n (%) abnormal)

50 (7)

19 (5)

0.295^

Personal otologic history (n (%) yes)

13 (2)

Previous surgery (n (%))
Primary
Revision
Surgery for CSOM
Number of previous surgeries (mean (SD))
Missing

508 (72)
193 (27)
4 (<1)
1.4 (0.8)
2 (<1)

3 (<1)

0.288^

280 (79)
75 (21)
0 (0)

0.030^

1.3 (0.8)
0 (0)

4

0.211#

Previous surgical technique (n (%))
Stapedotomy with vein graft interposition
Stapedotomy without vein graft interposition
Total stapedectomy
Partial stapedectomy
None
Other
Missing

336 (48)
98 (14)
120 (17)
24 (3)
53 (8)
15 (2)
59 (8)

141 (40)
58 (16)
61 (17)
17 (5)
33 (9)
15 (4)
30 (8)

0.123§

Timing of failure (n (%))
Immediate
< 6 months
6 months to 1 year
1 to 2 years
3 to 5 years
> 5 years
Missing

350 (50)
35 (5)
28 (4)
60 (9)
43 (6)
169 (24)
20 (3)

194 (55)
15 (4)
22 (6)
29 (8)
23 (6)
63 (18)
9 (3)

0.217^

Incus erosion (n (%) yes)

253 (36)

102 (29)

0.023^

Intraoperative status of mucosa (n (%) abnormal)

36 (5)

23 (6)

0.395^

Oval window obliteration (n (%) yes)
Missing

35 (5)
3 (<1)

25 (7)
0 (0)

0.197^

Primary cause of failure (n (%))
Incus erosion
Prosthesis dislocation
Prosthesis too short
Prosthesis too long
Incomplete previous surgery
Incus dislocation
Malleus-incus ankylosis
Stapes or prosthesis (re)fixation
No pathology
Other
Missing

183 (26)
124 (18)
122 (17)
21 (3)
34 (5)
29 (4)
24 (3)
27 (4)
86 (12)
49 (7)
6 (<1)

81 (23)
73 (21)
55 (15)
15 (4)
20 (6)
6 (2)
13 (4)
18 (5)
48 (14)
26 (7)
0 (0)

0.259§
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Type of prosthesis (n (%))
Incus to oval window
Malleus to oval window
MRP to oval window
Other
Missing

308 (44)
369 (52)
16 (2)
8 (1)
4 (<1)

193 (54)
150 (42)
6 (2)
5 (1)
1 (<1)

0.017^

Legend to Table 1
CSOM = chronic suppurative otitis media; MRP = malleus replacement prosthesis; n = number of cases;
SD = standard deviation; TM = tympanic membrane; * = variables that were not considered potentially
prognostic factors; ^ = Fisher’s exact test; # = independent-samples Student’s t-test; § = p-value could not
be computed using Fisher’s exact test because there was insufficient memory. Therefore, the Chi-square
test was used here instead.

Pure-tone audiometry
The outcome was success at two- to six-months follow-up. Cases with a mean postoperative
air-bone gap of 10 dB or less were considered successful, whereas cases with an air-bone gap
exceeding 10 dB were considered unsuccessful. The mean postoperative air-bone gap was
defined as the difference between average postoperative bone-conduction thresholds and
postoperative air-conduction thresholds measured over four frequencies (500, 1000, 2000
and 4000 Hz). Bone-conduction thresholds and air-conduction thresholds that were used
for calculation of the mean postoperative air-bone gap were obtained at the same follow-up
moment. All was in accordance with the guidelines written by the American Academy of
Otolaryngology – Head and Neck Surgery [25], except for substituting the thresholds at 3000
Hz with those at 4000 Hz in all cases.
Selection of prognostic factors
Prognostic factors for success were identified through a literature search and based on expert
opinion. The literature search was conducted in PubMed and EMBASE on March 10, 2015.
Relevant synonyms for the search terms revision and stapes surgery were combined. A total
of 322 articles were screened. No studies were identified that used multivariable analysis to
identify prognostic factors of success in revision stapes surgery. Several studies were identified
that performed a univariable analysis of some sort [5, 9, 14, 18, 26-29]. Factors that were
identified through our literature search and factors that were present in our dataset were
combined into a list of potential prognostic factors. This list was presented to six experts who
were asked to judge whether these factors could contribute to the success rate. The experts
were all ear, nose and throat (ENT) surgeons who regularly perform (revision) stapes surgery.
Potential prognostic factors
Table 1 lists the 11 potential prognostic factors that were considered clinically relevant by at
least five out of six ENT surgeons, their breakdown into categories and proportions. For a total
breakdown of categories, including the “other” categories, see Appendix 1. The personal
otologic history, previous stage of surgery, number of previous surgeries and timing of
failure were taken preoperatively from the clinical history and were thus patient-reported.
The status of the tympanic membrane was established preoperatively through otoscopy by
the surgeon. The tympanic membrane was considered to be abnormal in case of a tympanic
membrane perforation, atrophy, retraction, lateralization, tympanosclerosis or a very thick
tympanic membrane. The presence of incus erosion, obliterative otosclerosis, the status of
the middle-ear mucosa, the primary cause of failure and the type of the newly placed

66

PROGNOSTIC MODEL FOR SUCCESS IN REVISION SURGERY

prosthesis were established during surgery by the surgeon upon middle-ear inspection. The
status of the middle-ear mucosa was considered to be abnormal when it was fibrous or
inflamed, or in case of effusion. The primary cause of failure may be considered the primary
cause of persistent or recurrent hearing loss leading up to revision stapes surgery and thus
the indication for surgery. The surgical technique that was previously used was derived from
the patients’ history, the patients’ chart and intraoperative findings.

Statistical analyses
The impact of missing outcome data was evaluated by comparing baseline characteristics of
cases with pure-tone audiometric follow-up with those of cases without follow-up. Differences
in baseline characteristics were tested using the Fisher’s exact test or Chi-square test for
categorical variables and the independent-samples Student’s t-test for continuous variables.
Missing values in the potential prognostic factors were handled using multiple imputation
with the multivariate imputation by chained equation (MICE) package version 2.22 [30]. The
percentage of missing values never exceeded 8.4% (Table 1). The percentage of cases with at
least one missing value was 11.8%. Ten multiple imputed datasets were generated.
Multivariable logistic regression analysis was performed in each of the ten multiple imputed
datasets. No more than 11 variables with 30 degrees of freedom were added to the multivariable
model. By doing so, the balance between the degrees of freedom and the successful and
unsuccessful cases was no lower than ten unsuccessful cases per degree of freedom (705
cases at two- to six-months follow-up with 57.7% success) [31]. Starting with a full model
including 11 potential prognostic factors, backward elimination was used to exclude predictors
with a p -value of more than 0.157 (Akaikes criterion) [32]. Table 2 shows the predictors
that were included in each of the ten regression models. Predictors were included in the final
model when they were selected in at least five out of ten models. Rubin’s rules were used to
pool the regression coefficient estimates and 95% confidence intervals (by means of pooling
standard errors) from each of the ten imputed datasets into overall estimates [33].
Table 2. Selection of predictors.
No. of imputed
dataset

Previous surgical Primary cause of
technique
failure

Type of
prosthesis

All other
predictors

1
2
3
4
5
6
7
8
9
10

Legend to Table 2
= predictor was included in the regression model;
model.

= predictor was not included in the regression

Calibration, that is, the agreement between the observed probabilities in the original data and
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the predicted probabilities using the prediction rule, was assessed visually using a smooth
calibration curve and statistically using the Hosmer-Lemeshow goodness-of-fit test [34].
Discrimination, that is, the model’s ability to discriminate between cases with high and low
probability for success, was estimated using the area under the receiver operating characteristics
curve (AUC) of the model [35]. Lastly, the explained variance was calculated, which is an indication
of what part of the variance between cases in the outcome can be explained by the predictors.
The model performance indices were calculated on the first imputed data set.
Internal validation by means of bootstrapping was performed. The modeling process was
repeated in 200 bootstrap samples. Testing the 200 bootstrap models in the original data and
calculating the linear predictor slope established over-optimism of our model. The average
difference between the linear predictor slope in the bootstrap samples and the original data
was used as a shrinkage factor to correct the regression coefficients of our original model [36].
All analyses were performed using SPSS version 23.0 (SPSS Inc., Chicago, IL, USA) and R
software (R Foundation for Statistical Computing, Vienna, Austria). The Transparent
Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD)
checklist was used to ensure transparent reporting of our prediction model [37].
Results

Study population
Most baseline characteristics did not differ significantly between cases with follow-up and
cases without follow-up at two to six months (Table 1). Testing did show statistically significant
differences between cases with follow-up and cases without follow-up in age at surgery,
previous stage of surgery, presence of incus erosion and type of the newly placed prosthesis.
Cases without follow-up were on average three years younger. In 72% of cases with follow-up,
a primary procedure preceded the procedure analyzed in this study compared to 79% of cases
without follow-up. Cases with follow-up were more often characterized by incus erosion (36%
versus 29%). As a result, cases with follow-up received incus to oval window prostheses
less often (44% versus 54%).
Prediction model
Three variables were included in the final multivariable model: previous surgical technique,
primary cause of failure and type of the newly placed prosthesis. The odds ratios with
corresponding 95% confidence intervals are listed in Table 3. Odds ratios greater than one
indicate a higher probability of success in that category compared to the reference category,
while odds ratios less than one indicate success is more likely to occur in the reference
category. Thus previous partial stapedectomy and previous total stapedectomy are negative
factors for success compared to the reference category previous stapedotomy with vein graft
interposition. Previous stapedotomy without vein graft interposition and no previous surgical
technique are positive factors for success compared to previous stapedotomy with vein graft
interposition. Prosthesis dislocation and malleus-incus ankylosis as primary causes of failure
are positive factors for success compared to the reference category incus erosion, while other
primary causes of failure, including a prosthesis that is too short or too long, an incomplete
previous surgery, incus dislocation, stapes or prosthesis (re)fixation, and the absence of
pathology, are negative factors for success. Compared to the use of incus to oval window
prosthesis, all other types of prostheses are negative factors for success.
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Table 3. Multivariable model predicting success after revision stapes surgery.
Variable

OR original dataset
(95% CI) *

OR following
internal validation #

Previous surgical technique
Stapedotomy with vein graft interposition
Stapedotomy without vein graft interposition
Total stapedectomy
Partial stapedectomy
None
Other

Reference
1.03 (0.61-1.74)
0.72 (0.46-1.14)
0.83 (0.35-1.98)
5.42 (1.61-18.23)
2.96 (0.67-13.06)

Reference
1.02
0.82
0.89
2.87
1.97

Primary cause of failure
Incus erosion
Prosthesis dislocation
Prosthesis too short
Prosthesis too long
Incomplete previous surgery
Incus dislocation
Malleus-incus ankylosis
Stapes or prosthesis (re)fixation
No pathology
Other

Reference
1.03 (0.55-1.91)
0.81 (0.47-1.39)
0.30 (0.11-0.88)
0.24 (0.06-1.04)
0.86 (0.38-1.95)
1.03 (0.43-2.45)
0.95 (0.30-3.01)
0.28 (0.13-0.58)
0.50 (0.23-1.11)

Reference
1.02
0.88
0.48
0.41
0.91
1.02
0.97
0.45
0.65

Type of prosthesis
Incus to oval window
Malleus to oval window
MRP to oval window
Other

Reference
0.16 (0.10-0.27)
0.02 (0.00-0.12)
0.08 (0.01-0.40)

Reference
0.32
0.10
0.20

4

Legend to Table 3
CI = confidence interval; MRP = malleus replacement prosthesis; OR = odds ratio; * = pooled estimates using
ten multiple imputed datasets.
# The regression coefficients obtained in the original dataset were multiplied with the shrinkage factor
(0.6245) obtained through bootstrapping. The adjusted regression coefficients were then transferred
back into odds ratios. The prediction rule for success following this shrinkage technique is as follows:
1. Linear predictor: 1.7077 + (0.0168*stapedotomy without vein graft interposition) + (-0.2038*total
stapedectomy) + (-0.1152*partial stapedectomy) + (1.0552*none) + (0.6776*other) + (0.0158*prosthesis
dislocation) + (-0.1316*short prosthesis) + (-0.7432*long prosthesis) + (-0.8811*incomplete operation)
+ (-0.0939*incus dislocation) + (0.0190*malleus-incus ankylosis) + (-0.0314*stapes or prosthesis
(re)fixation) + (-0.8039*no pathology) + (-0.4297*other) + (-1.1414*malleus to oval window) + (-2.3516*
malleus replacement prosthesis to oval window) + (-1.6102*other).
2. Probability of success: 100%*(1/(1+ e(-LP))).
The chance of success can be calculated for a specific patient using the clinical prediction rule. In
the following example a patient that has previously undergone total stapedectomy will now
undergo revision stapes surgery because of an incus dislocation during which the patient will
receive a malleus to oval window prosthesis. The probability of success is calculated as follows:
1. Linear predictor: 1.7077 + -0.2038 + -0.0939 + -1.1414 = 0.2686
2. Probability of success: 100*1/(1+e-0.2686) = 57%
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The model showed a good fit, using the Hosmer-Lemeshow goodness-of-fit test (p -value =
0.78), which means there is a high level of agreement between the calculated risk using our
multivariable model and the observed outcomes in our study population (Figure 1). The
model distinguishes moderately well between success and failure, with an AUC of 0.73 (95%
confidence interval 0.69 to 0.77) (Figure 2). The explained variance of the model is 22%.
This indicates that the predictors included in the prediction model can explain 22% of the
variance between cases in the outcome success. The odds ratios following internal validation
using 200 bootstrap samples are listed in Table 3. The bootstrap-corrected AUC is 0.69. The
bootstrap-corrected explained variance of the model is 13%.

Observed probabilities

1.0
0.8
0.6
0.4
Original dataset
Internal validation
Ideal model

0.2
0.0
0.0

0.2
0.4
0.6
0.8
Predicted probabilities

1.0

Figure 1. Calibration plot following multivariable analysis in the original dataset and following internal
validation.

1.0

Sensitivity

0.8
0.6
0.4
0.2
0.0
1.0

0.8

0.6
0.4
Specificity

0.2

0.0

Figure 2. Receiver operating characteristics curve following multivariable analysis in the original
dataset.
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Discussion

Summary of main results
In this study, we developed a model for the prediction of success at two- to six-months follow-up
in a cohort of otosclerosis patients undergoing revision stapes surgery. Certain previous surgical
techniques, primary causes of failure and types of prostheses placed during revision surgery
were associated with higher success percentages. The clinical prediction rule performed
moderately well in the original dataset and moderately following internal validation by
means of bootstrapping.
Comparison with findings in the literature
Two studies identified previous surgical technique as a prognostic factor [9, 28]. Previous stapes
mobilization and previous middle ear inspection without mobilization or fenestration led
to the highest success percentages in our study and in the available literature [9]. Previous
stapedotomy was associated with higher success percentages than previous partial or total
stapedectomy in our study and in the available literature [9, 28]. Seven studies identified
specific causes of failure as prognostic factors [5, 9, 14, 18, 26, 27]. In accordance with the
literature, prosthesis dislocation was associated with higher success percentages than other
primary causes of failure in our study [9, 27]. Contrary to the literature, incus erosion and
malleus-incus ankylosis were associated with relatively high success percentages in our
study [5, 9, 14, 18, 26]. Two studies identified the type of the prosthesis placed during revision
surgery as a prognostic factor [5, 29]. In accordance with these two studies, our study showed
that malleus to oval window interposition was associated with lower success percentages
than incus to oval window interposition [5, 29].
The number of previous surgeries was identified as a prognostic factor for success through
our literature search [5, 14] and was included in the list of 11 potential prognostic factors
used for multivariable regression analysis, but did not end up in our final model.

Study strengths
First, the surgeon analyzing the predictor variables was blinded for the outcome, as all predictor
variables were established preoperatively or intraoperatively and the outcome was established
postoperatively.
Second, missing data never exceeded 10% in the prognostic factors. These missing values
were handled using multiple imputation with the MICE package, which has been shown to be
more reliable than including only those subjects without missing data [38, 39].
Third, the selection of relevant predictors was based on a thorough literature search and on
expert opinion of a panel of ENT surgeons, rather than univariable analysis. Selection of
predictors based on univariable analysis carries a high risk of predictor selection bias [40].
Predictor selection bias occurs when predictors are selected that have a large but invalid
association with the outcome. Including these “false” predictors increases the risk of
overfitting and thus overly optimistic predictions of a model’s performance.
Finally, the prediction rule is easy to use. It consists of only three variables that are readily
available for the ENT surgeon and are usually reported in the patient chart and/or surgery
notes. Simplicity of the model is an important criterion in developing clinically useful prediction
models. More complex models tend to give overoptimistic predictions, especially when
extensive variable selection has been performed [41].
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Limitations
A limitation of our study was the substantial percentage of loss to follow-up and the significant
differences in baseline characteristics between cases with follow-up and cases without
follow-up. Therefore, bias due to selective loss to follow-up cannot be ruled out.
All surgeries were performed by a single surgeon. Surgery is rarely standardized and technical
variations can be expected between surgeons. Our study results are not generalizable to all
operating techniques.
The explained variance of our model was 13%. A low value for the explained variance means
that the prognostic factors in the model only explain a small fraction of the variance between
individual patients. We might have missed variables that play an important role in the prognosis
of success. It needs to be noted though that in logistic regression the explained variance
tends to be low even when the prognostic factors are strong [42].
We did not test the generalizability of the prediction rule in a different set of patients (external
validation). Even after correction for optimism using internal validation, the model’s performance
may decrease when applied in a different population. Recalibration in an external dataset or
even including new variables that are found to be prognostic in the new sample may further
strengthen the prediction rule [43].
Conclusion
Our study established the importance of previous surgical technique, primary cause of failure
and type of the prosthesis placed during the revision surgery in predicting success following
revision stapes surgery. These three factors were used to derive a clinical prediction rule to
be able to calculate the chance of success after revision stapes surgery at two- to six-months
follow-up. The clinical prediction rule performed moderately well in the original dataset and
moderately following internal validation by means of bootstrapping.
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Appendix 1. Baseline characteristics of cases with two-to six-months follow-up with a complete
breakdown of categories.
Variable

Cases with follow-up

Number*

705

Age at surgery (mean (SD) in years)*

53 (12)

Sex (n (%) female)*

465 (66)

Operated side (n (%) right)*

346 (49)

Preoperative status of TM (n (%) abnormal)

50 (7)

Personal otologic history (n (%) yes)

13 (2)

Previous surgery (n (%))
Primary
Revision
Surgery for CSOM
Number of previous surgeries (mean (SD))
Missing

508 (72)
193 (27)
4 (<1)
1.4 (0.8)
2 (<1)

Previous surgical technique (n (%))
Stapedotomy with vein graft interposition
Stapedotomy without vein graft interposition
Total stapedectomy
Partial stapedectomy
Mobilization
Cement and wire piston
Prosthesis removal
Cartilage interposition
None
Missing

336 (48)
98 (14)
120 (17)
24 (3)
12 (2)
1 (<1)
1 (<1)
1 (<1)
53 (8)
59 (8)

Timing of failure (n (%))
Immediate
< 6 months
6 months to 1 year
1 to 2 years
3 to 5 years
> 5 years
Missing

350 (50)
35 (5)
28 (4)
60 (9)
43 (6)
169 (24)
20 (3)

Incus erosion (n (%) yes)

253 (36)

Intraoperative status of mucosa (n (%) abnormal)

36 (5)

Oval window obliteration (n (%) yes)
Missing

35 (5)
3 (<1)

Primary cause of failure (n (%))
Incus erosion
Prosthesis dislocation
Prosthesis too short
Prosthesis too long
Incomplete previous surgery
Incus dislocation
Malleus-incus ankylosis
Oval window obliteration
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183 (26)
124 (18)
122 (17)
21 (3)
34 (5)
29 (4)
24 (3)
17 (2)
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Stapes or prosthesis (re)fixation
Perilymph fistula
Dislocation of prosthesis loop
Prosthesis extrusion
TM lateralization
Hypermobile malleus
Round window obliteration
Prosthesis removal because of dizziness
Stapes dislocation
Dizziness
Missing prosthesis
Fibrous adhesions
Malleus erosion
No pathology found
Missing
Type of prosthesis (n (%))
Incus to oval window
Malleus to oval window
MRP to oval window
TM to oval window
Incus to mobile footplate
No prosthesis placed
MRP first stage without TORP
Missing

27 (4)
10 (1)
7 (1)
3 (<1)
3 (<1)
2 (<1)
1 (<1)
1 (<1)
1 (<1)
1 (<1)
1 (<1)
1 (<1)
1 (<1)
86 (12)
6 (<1)

4

308 (44)
369 (52)
16 (2)
4 (<1)
2 (<1)
1 (<1)
1 (<1)
4 (<1)

Legend to Appendix 1
CSOM = chronic suppurative otitis media; MRP = malleus replacement prosthesis; n = number of cases;
SD = standard deviation; TM = tympanic membrane; TORP = total ossicular replacement prosthesis; * =
variables that were not considered potentially prognostic factors.
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Abstract
Objectives: to develop a prediction model that can accurately predict sensorineural hearing
loss after revision stapes surgery in patients with recurrent or persistent conductive hearing
loss or complaints of vertigo after previous stapes surgery and to validate this model internally.
Methods: four preoperatively or intraoperatively established potential prognostic factors for
postoperative sensorineural hearing loss were tested in 927 cases using multivariable logistic
regression analysis with backward selection. Sensorineural hearing loss was defined as
deterioration in mean bone-conduction threshold exceeding 10 dB. The most relevant
predictors were used to derive a clinical prediction rule to determine the probability of
sensorineural hearing loss. Bootstrapping was used to estimate internal validity. The
Hosmer-Lemeshow goodness-of-fit test, the area under the receiver operating characteristics
curve (AUC) and the explained variance were calculated.
Results: sensorineural hearing loss occurred in 7.9% of cases at first follow-up. Preoperative
vertigo, oval window obliteration and certain types of prostheses placed during revision stapes
surgery were associated with a higher probability of sensorineural hearing loss postoperatively.
The clinical prediction rule performed poorly in the original dataset (Hosmer-Lemeshow
p -value = 0.98; AUC = 0.60; explained variance = 4%) and following internal validation by
means of bootstrapping (AUC = 0.59; explained variance = 1%).
Conclusion: in our study we developed an internally validated clinical prediction rule that
predicts sensorineural hearing loss following revision stapes surgery at first follow-up. The
derived clinical prediction rule performed poorly.
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Introduction
Otosclerosis is characterized by abnormal sponge-like bone growth in the middle ear, resulting
in progressive hearing loss, vertigo, and/or tinnitus [1]. Hearing loss is usually conductive,
but development of sensorineural hearing loss (SNHL) either as a result of cochlear otosclerosis
or postoperatively is not unusual. Otosclerosis mainly affects the stapes and can be treated
surgically by removing all or part of the stapes and replacing it with a prosthesis: stapedectomy
and stapedotomy respectively. Success percentages of primary stapes surgery range between
72 and 94% [2-4]. Patients with a recurrent or residual conductive hearing loss as well as
complaints of vertigo may require revision stapes surgery. Surgical outcomes following
revision stapes surgery are less favorable compared to primary stapes surgery, with success
percentages ranging between 40 and 80% [5-9]. Furthermore, revision surgery is associated
with a higher risk of postoperative SNHL than primary surgery. Large series reported incidences
of SNHL of 1 to 8% following revision surgery compared to less than 1% following primary
surgery [2, 4-7].
Currently, there are no prediction models available that can help estimate the risk of SNHL
after revision stapes surgery in patients with recurrent or persistent conductive hearing loss
or complaints of vertigo. Such a prediction model could aid surgeons in selecting patients for
revision surgery and estimating realistic hearing expectations. We aim to develop a prediction
model that can accurately predict which patients will suffer from SNHL after revision stapes
surgery and which patients will not. We will validate this model internally.
Methods
We performed a prospective cohort study in a tertiary referral center in France. This was
a non-randomized and non-blinded study. Preoperative, intraoperative, and postoperative
characteristics were prospectively entered in the Otology and Neurotology Database (ONDB)
[2].

Study population
Otosclerosis patients undergoing revision stapes surgery between April 1992 and January
2015 were included. Some of these patients underwent surgery on both ears or underwent
multiple revision procedures on the same ear. All of these procedures were included. Therefore,
we refer to cases instead of patients in this chapter. A total of 1125 cases underwent revision
stapes surgery between April 1992 and January 2015. Cases with concomitant middle-ear
pathology established upon otoscopy, on CT-scan or during previous middle-ear surgery,
including osteogenesis imperfecta, congenital ossicular malformations, active middle-ear
infection, tympanosclerotic stapes fixation and superior semicircular canal dehiscence, were
excluded (n = 8). Cases with a severe or profound SNHL preoperatively, defined as a mean
bone conduction threshold of more than 70 dB averaged over three frequencies (1000, 2000
and 4000 Hz), were excluded (n = 38) [10]. Lastly, cases in which postoperative pure-tone
audiometry was not available were excluded (n = 149).
Revision stapes surgery
All cases underwent transcanal revision stapes surgery performed by one experienced
surgeon (R.V.). Wegner et al have previously described the procedure in detail [11]. We will
summarize the procedure here. The ossicular chain, including the previously placed prosthesis,
was visually inspected and mobility was tested. Adhesions and fibrous tissue surrounding
the previously placed prosthesis were vaporized using a laser. In case the stapes footplate
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was not (fully) fenestrated, a fenestration was created using the KTP laser (Lumenis, Inc.,
Salt Lake City, UT, USA), CO2 laser (OmniGuide, Inc., Cambridge, MA, USA and Lumenis, Inc.,
Salt Lake City, UT, USA) or thulium laser (LISA Laser Inc., Pleasanton, CA, USA). Obliterated
footplates were fenestrated using a combination of one of these lasers and the Skeeter
microdrill (Medtronic Xomed Inc., Jacksonville, FL, USA). In all cases, a vein graft interposition
was used before placing a (new) prosthesis. Perilymph fistulas were closed using a large vein
graft. Prostheses that were fixed, dislocated, too long or too short were removed and replaced
by a 0.4-mm-diameter Teflon piston, a 0.4-mm-diameter bucket-handle Teflon piston, or a total
ossicular replacement prosthesis (TORP). A malleus relocation technique was performed in
the majority of patients that received a TORP to increase stability of the prosthesis [12]. If no
cause of failure was identified at the time of the surgery, either the previous prosthesis was
left in place or it was replaced by a new prosthesis.

Pure-tone audiometry
The outcome was postoperative SNHL at first follow-up. Postoperative SNHL was defined as
deterioration in mean bone-conduction threshold exceeding 10 dB. The mean preoperative
and postoperative bone-conduction thresholds were measured over three frequencies (1000,
2000 and 4000 Hz). Deterioration in mean bone-conduction threshold was calculated by
subtracting the mean preoperative bone-conduction threshold from the mean postoperative
bone-conduction threshold at first follow-up.
Selection of prognostic factors
PubMed and EMBASE were searched for prognostic factors for postoperative SNHL on
December 10, 2017. Synonyms for the search terms stapes surgery and sensorineural hearing
loss were combined. A total of 296 articles were screened. We did not identify any prognostic
studies using either multivariable or univariable regression analysis. Several cohort studies
did evaluate one or two potential prognostic factors [2, 13-19]. The factors that we identified
through our literature search and factors that were present in our dataset were combined into
a list of potential prognostic factors. The list was presented to six ear, nose, and throat (ENT)
surgeons who were asked to judge whether these factors could contribute to the rate of
postoperative SNHL. Our panel of ENT surgeons selected four potential prognostic factors
with no more than seven degrees of freedom (Table 1). Presence of preoperative vertigo was
established preoperatively and was patient-reported. The status of the middle-ear mucosa,
the presence of oval window obliteration and the type of the newly placed prosthesis were
established during surgery by the surgeon. The status of the middle-ear mucosa was
considered to be abnormal when it was fibrous or inflamed, or in case of middle ear effusion.
Statistical analysis
The statistical analyses that were performed were very similar to the analyses described by
Wegner et al previously [11]. Baseline characteristics of cases with pure-tone audiometric
follow-up were compared to those of cases without follow-up. Differences in characteristics
were tested using the Fisher’s exact test for categorical variables and the independent-samples
Student’s t-test for continuous variables. The percentage of missing values was less than 1%
and only occurred in one variable (Table 1). Consequently, the percentage of cases with at
least one missing value was less than 1%. We decided to refrain from (multiple) imputation
and performed a complete-case analysis instead.
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Table 1. Baseline characteristics of cases with and without follow-up.
Variable
Number of cases*
Age at surgery (mean (SD) in years)*
Sex (n (%) female)*

Cases with
follow-up
930

Cases without
follow-up

p -value
____

149

52 (12)

50 (13)

0.075 #

624 (67)

90 (60)

0.113^

Preoperative presence of vertigo (n (%) yes)

32

(3)

5

(3)

1.000^

Intraoperative status of mucosa (n (%) abnormal)

57

(6)

4

(3)

0.124^

Oval window obliteration (n (%) yes)
Missing

59 (6)
3 (<1)

6
0

(4)
(0)

0.354^

5

Surgical technique (n (%))*
Stapedotomy
Stapedectomy
None
Other
Missing

895 (96)
6 (1)
11 (1)
6 (1)
12 (1)

136 (91)
0 (0)
5 (3)
3 (2)
5 (3)

0.019^

Type of prosthesis (n (%))
Teflon prosthesis
Teflon bucket prosthesis
TORP
Vincent malleus prosthesis
Other

353 (38)
74 (8)
477 (51)
17 (2)
9 (1)

71 (48)
16 (11)
56 (38)
0 (0)
6 (4)

0.001^

Position of prosthesis (n (%))*
Incus-to-oval window
Malleus-to-oval window
MRP-to-oval window
Other

427 (46)
470 (51)
21 (2)
12 (1)

86 (58)
54 (36)
2 (1)
7 (5)

0.001^

Legend to Table 1
MRP = malleus replacement prosthesis; n = number of cases; SD = standard deviation; TORP = total ossicular
replacement prosthesis; * = variables that were not included in the multivariable logistic regression
analysis; # = independent-samples Student’s t-test; ^ = Fisher’s exact test.

Multivariable logistic regression analysis was performed. No more than four variables with
seven degrees of freedom were added to the multivariable model. The balance between the
degrees of freedom and the cases with SNHL was no lower than ten cases with SNHL per
degree of freedom (927 cases at first follow-up with 7.9% SNHL). Backward elimination was
used to exclude predictors with a p-value of more than 0.157 (Akaikes criterion) [20]. The
agreement between the observed probabilities in the original data and the predicted probabilities
using the prediction rule were assessed using the Hosmer-Lemeshow goodness-of-fit test
[21]. The model’s ability to discriminate between cases with low and high probability of SNHL
was estimated using the area under the receiver operating characteristics curve (AUC) of the
model [22]. The explained variance was calculated, which indicates the extent to which the
outcome can be explained by the predictors. Bootstrapping was performed to internally
validate the model. The modeling process was repeated in 200 bootstrap samples. Testing the
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200 bootstrap models in the original data and calculating the linear predictor slope established
over-optimism of the model. The average difference between the linear predictor slope in
the bootstrap samples and the original data was used as a shrinkage factor to correct the
regression coeﬃcients of our original model [23].
All analyses were performed using SPSS version 23.0 (SPSS Inc., Chicago, IL, USA) and R software (R Foundation for Statistical Computing, Vienna, Austria). The Transparent Reporting
of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) checklist
was used to ensure the transparent reporting of our prediction model [24].
Results

Study population
Table 1 lists the baseline characteristics of cases with follow-up and cases without follow-up.
Testing showed a statistically significant difference in the type of the newly placed prosthesis.
In 38% of cases with follow-up, a Teflon prosthesis was used compared to 48% of cases without
follow-up. Cases with follow-up received TORPs more often compared to cases without
follow-up (51% versus 38%). As a result cases with follow-up received incus-to-oval window
prostheses less often (46% versus 58%) and malleus-to-oval window prostheses more often
(51% versus 36%).
Prediction model
Three predictors were included in the final model: the presence of preoperative vertigo, the
presence of oval window obliteration and the type of the newly placed prosthesis. Table 2
lists the odds ratios and corresponding 95% confidence intervals. Odds ratios greater than
one indicate SNHL is more likely to occur in that category than in the reference category and
odds ratios less than one indicate SNHL was more likely to occur in the reference category.
Preoperative vertigo and oval window obliteration increased the probability of postoperative
SNHL. A newly placed Teflon prosthesis was associated with a lower probability of SNHL
compared to TORPs, Vincent malleus prostheses and all other types of prostheses. Compared
to the use of Teflon prostheses in revision stapes surgery, Teflon bucket prostheses were
associated with a lower probability of SNHL.
Table 2. Multivariable model predicting sensorineural hearing loss after revision stapes surgery.
Variable

OR original dataset
(95% CI)

OR following
internal validation #

Preoperative vertigo

2.57 (0.92-7.21)

1.83

Oval window obliteration

2.11 (0.95-4.69)

1.61

Type of prosthesis
Teflon prosthesis
Teflon bucket prosthesis
TORP
Vincent malleus prosthesis
Other

Reference
0.36 (0.08-1.56)
1.25 (0.74-2.12)
1.65 (0.35-7.75)
6.52 (1.51-28.11)

Reference
0.52
1.15
1.38
3.31

Legend to Table 2
CI = confidence interval; OR = odds ratio; TORP = total ossicular replacement prosthesis.
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# The regression coeﬃcients obtained in the original dataset were multiplied with the shrinkage factor
(0.6382) obtained through bootstrapping. The adjusted regression coeﬃcients were then transferred
back into odds ratios. The prediction rule for sensorineural hearing loss following this shrinkage
technique is as follows:
1. Linear predictor: -2.5839 + (0.6035*“vertigo”) + (0.4761*”obliterated oval window”) + (-0.6511*”Teflon
bucket”) + (0.1435*”TORP”) + (0.3211*”Vincent malleus prosthesis”) + (1.1962*”other”).
2. Probability of sensorineural hearing loss: 100%*(1/(1+ e(-LP))).

The model showed a good fit using the goodness-of-fit Hosmer Lemeshow test (p -value = 0.98),
meaning there was a high level of agreement between the calculated risk using our multivariable model and the observed outcomes in our study population. The distribution of the
predicted probabilities in our study population of 927 revision surgeries is shown in Figure
1. The mean predicted probability was 0.079, which is consistent with the observed risk of
SNHL. The predicted probabilities ranged between 0.02 and 0.53 with 89% of probabilities
in the 0 to 0.1 interval. The model distinguished poorly between cases with and cases without
postoperative SNHL with an AUC of 0.60 (95% confidence interval 0.54 to 0.67). The
explained variance of the model was 4%, which means that the predictors included in the
prediction model explain 4% of the variance between cases in the outcome SNHL. The odds
ratios following internal validation are listed in Table 2. The bootstrap-corrected AUC was
0.59 and the bootstrap-corrected explained variance of the model was 1%.
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Figure 1. Distribution of predicted probabilities using the prediction rule for sensorineural hearing
loss in a study population of 927 revision stapes surgeries.
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Discussion

Summary of the main results
In this study, we developed a model for the prediction of SNHL at first follow-up in a population
of otosclerosis patients undergoing revision stapes surgery. Preoperative presence of vertigo,
the presence of oval window obliteration and the type of the newly placed prosthesis were
associated with postoperative SNHL. The clinical prediction rule performed poorly in the
original dataset and following internal validation by means of bootstrapping.
Comparison with findings in the literature
In one study, preoperative presence of vertigo was associated with a higher percentage of
postoperative SNHL than cases in which vertigo was not present preoperatively and the
indication for surgery was thus a conductive hearing loss [15]. Three studies found a higher
rate of postoperative SNHL in obliterative otosclerosis compared to all other cases [2, 13, 14].
Our results were in accordance with both of these findings. No studies were identified that
discussed the type of the newly placed prosthesis as a potential predictor for postoperative
SNHL.
Several studies investigated the role of the surgical technique, that is, revision stapedotomy
and revision stapedectomy, in postoperative SNHL. Two studies favored revision stapedotomy
with regard to postoperative SNHL [16, 17]. Two studies showed neither a statistically
significant nor a clinically relevant difference between revision stapedotomy and revision
stapedectomy [18, 19]. In our study revision stapedotomy was carried out in 96.2% of cases
and revision stapedectomy in less than 1% of cases. Therefore, it was not possible to test this
potential predictor in our dataset.

Study strengths
First, selection of relevant predictors was based on evidence in the literature and on clinical
expertise. Selection was not based on statistical testing. Second, to avoid overfitting, the
number of events per variable was no lower than ten. This means that the balance between
the degrees of freedom in the multivariable model and cases with SNHL was no lower than
ten cases with SNHL per degree of freedom. Third, the included potential prognostic factors
are readily available for the surgeon and are usually reported in the patient chart or surgery
notes. This means it will not take much time to determine the probability of SNHL. Lastly,
bootstrapping was performed to internally validate the model. Internal validation reduces
the tendency to produce overly optimistic estimates of model performance.
Limitations
Two out of three variables that were included in the final model are established during surgery.
Because only one out of three variables is established preoperatively, the model will not be
very useful in selecting patients for revision surgery and estimating hearing expectations
preoperatively.
The bootstrap-corrected explained variance of our prediction rule was 1%. A low value for the
explained variance means that the predictors in the model can only explain a small fraction
of the variance between cases. We probably missed important variables that influence SNHL
after revision stapes surgery. The model should be expanded with more variables, including
surgery/surgeon-related factors. Given the low prevalence of SNHL, a sample size of 927
cases limits the number of variables to be added to the prediction model. Because we adhered
to the ten events per variable rule of thumb, only four variables could be added to the
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modeling process. A much larger sample will be needed in order to expand the model.
The bootstrap-corrected AUC of our model was 0.59. The AUC is a measure of the model’s
ability to discriminate between cases with low probability of SNHL and cases with high
probability of SNHL. An AUC of 0.5 represents no discrimination, which means the predictions
are no better than chance. An AUC of 1.0 represents perfect discrimination. The AUC for prognostic
models is typically between 0.6 and 0.85 [25]. Interpretation of the AUC is problematic [26].
What does a value of, for example, 0.75 mean? Some authors may say a model has “good
discrimination” when the AUC is 0.75, whereas others say the model has “moderate” or “fair
discrimination”. With a bootstrap-corrected AUC of 0.59, we would say our model performs
poorly. A poorly discriminating model has less spread between the predictions than a better
discriminating model [27]. A model that predicts the same risk for all cases shows perfect
calibration, but does not discriminate between cases. Indeed, the spread between the predictions
is limited in our model (Figure 1) and thus the model is characterized by good calibration
and poor discrimination.
Whether the predictive accuracy of a model is adequate depends on available alternatives
[25]. For example, a prognostic model predicting the probability of spontaneous ongoing
pregnancy in couples with unexplained subfertility with an AUC below 0.70 is the best available
model [28]. Therefore, this model was used to identify intermediate probability of spontaneous
ongoing pregnancy for a randomized controlled trial [29]. A widely used model that is
characterized by an AUC of little over 0.70 is the Framingham risk model for cardiovascular
disease [30]. The outcome that this model predicts is highly relevant and doctors trust this
model to guide their practice rather than their own experience [25]. Nonetheless, with a
bootstrap-corrected AUC of 0.59, we feel this clinical prediction rule is not accurate enough
to be used in daily clinical practice.
Generalization of the results may be limited because cases were recruited in a tertiary referral
center and a highly experienced surgeon performed revision surgery in all cases. Generalization
of the clinical prediction rule was not tested in a different set of patients. The model’s performance
may decrease even further when it is applied in a different population. Recalibrating and
updating the prediction rule would require a large external dataset. Currently, we do not have
such a dataset available. We would need to perform prospective multicenter studies to obtain
a sample size that is large enough for model validation, or we would have to combine individual
patient data from different studies [31].
Conclusion
We developed an internally validated clinical prediction rule that predicts SNHL following
revision stapes surgery at first follow-up. Preoperative presence of vertigo, the presence
of oval window obliteration and the type of the newly placed prosthesis were associated
with postoperative SNHL. However, the clinical prediction rule performed poorly in the
original dataset and following internal validation by means of bootstrapping. We would not
recommend using the clinical prediction rule in daily clinical practice.
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Abstract
Hypothesis: the use of larger-diameter pistons in stapedotomy leads to better hearing
outcomes compared to the use of smaller-diameter pistons. There is an interaction between
piston diameter and fenestration diameter.
Background: otosclerosis can be treated surgically by removing part of the stapes and
bypassing the stapes footplate with a prosthesis. Available prosthesis shaft diameters
range between 0.3 mm and 0.8 mm. There has been a tendency towards the use of smallerdiameter pistons, because of a suspected decreased risk of cochlear trauma and subsequent
sensorineural hearing loss with smaller pistons. However, mathematical models, temporal
bone studies and clinical studies suggest that the use of larger-diameter pistons is associated
with better hearing outcomes.
Methods: three fresh-frozen, non-pathologic temporal bones were harvested from human
cadaveric donors. Acoustic stimuli in the form of pure tones from 250 to 8000 Hz were
generated at 110 dB sound pressure level. A total of 16 frequencies in a one-third octave
series were used. Stapes and round window velocities in response to the acoustic stimuli
were measured at multiple equally spaced points covering the stapes footplate and round
window using a scanning laser Doppler interferometry system. Eight sets of measurements
were performed on each temporal bone: (1) normal condition (mobile stapes), (2) stapes
fixation and stapedotomy followed by insertion of (3) a 0.4-mm-diameter piston in a 0.5-mmdiameter fenestration, (4) a 0.4-mm-diameter piston in a 0.7-mm-diameter fenestration, (5)
a 0.4-mm-diameter piston in a 0.9-mm-diameter fenestration, (6) a 0.6-mm-diameter piston
in a 0.7-mm-diameter fenestration, (7) a 0.6-mm-diameter piston in a 0.9-mm-diameter
fenestration and (8) a 0.8-mm-diameter piston in a 0.9-mm-diameter fenestration.
Results: at midrange frequencies, between 500 and 4000 Hz, round window velocities
increased by 2 to 3 dB when using a 0.6-mm-diameter piston compared to a 0.4-mm-diameter
piston. Using a 0.8-mm-diameter piston led to a further increase in round window velocities
of 2 to 4 dB. Fenestration size did not affect round window velocity.
Conclusion: our results suggest a modest effect of piston diameter on hearing results
following stapedotomy. Fenestration size does not seem to affect hearing results following
stapedotomy.
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Background
Otosclerosis is characterized by progressive hearing loss, vertigo and/or tinnitus, which are
caused by abnormal sponge-like bone growth in the otic capsule [1]. Otosclerosis mainly affects
the stapes footplate and can be treated surgically by removing (part of) the stapes and
bypassing the footplate with a prosthesis. Stapes surgery is an effective and safe treatment
option for otosclerosis with success rates reported between 72 and 94% [2-4]. The most
dreaded complication of stapes surgery is sensorineural hearing loss. Fortunately, this
complication is witnessed in less than 1% of patients undergoing primary stapes surgery [2, 5].
Shea first introduced stapes surgery as a treatment option for otosclerosis in 1956 [6]. Since
then, a large number of prostheses or pistons have been put on the market. Shape, size and
type of material have been the main focus in developing and enhancing pistons. Commercially
available prosthesis shaft diameters range from 0.3 up to 0.8 mm. There has been a tendency
towards the use of smaller-diameter pistons, because of a suspected decreased risk of cochlear
trauma and subsequent sensorineural hearing loss with smaller pistons. However, clinical
studies give the impression that the use of larger-diameter pistons is associated with better
hearing outcomes [7, 8]. Two mathematical models [9, 10] and one temporal bone study [11]
show the same tendency towards better hearing outcomes with the use of larger-diameter pistons.
The aim of this temporal bone study was to evaluate the effect of piston diameter in stapedotomy for otosclerosis, by measuring the effects of different piston diameters on round window
vibrations.
Materials and methods

Temporal bone preparation
Four temporal bones were obtained from the Anatomy Gifts Registry (Hannover, USA). These
samples were harvested from human cadaveric donors within 48 hours of death. The bones
were frozen until ready for processing. This process has little effect on the mechanical impedance
characteristics of the temporal bones [12, 13]. The freezing and thawing process was closely
monitored to ensure no air bubbles ensued in the cochlea. We tested and ensured that the
round window and oval window phase difference in the low frequencies was 180 degrees
to test for absence of bubbles [14]. Cortical mastoidectomy was performed, followed by an
extended posterior tympanotomy with removal of the facial nerve recess to expose the stapes
footplate and round window region as much as possible [15]. Mucosal folds surrounding the
stapes (superstructure) were removed. The mucosa lining the promontory and floor of the
round window niche was removed. The round window niche overhang was drilled using a
0.5-mm-diameter diamond burr to improve exposure of the round window. The temporal
bones were examined microscopically to exclude tympanic membrane perforations and ossicular
malformations, such as fixation of the ossicles or disruption of the ossicular chain. Only nonpathologic temporal bones were included in the study. One of the bones showed a “floppy”
tympanic membrane and stapes fixation and was excluded for these reasons. Throughout
measurements, saline was applied periodically to the temporal bone surface and tympanic
membrane to make sure the bone stayed moist [15]. Excess fluid was suctioned away before
taking measurements. Reflective microbeads (3M, Minneapolis, MN, USA) were applied to
the stapes footplate and the round window membrane to increase the reflection of the laser
light and thus the quality of the measurements.
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Stapes fixation and stapedotomy
The stapes footplate was immobilized using coral glue (EcoTech Marine LLC, Allentown, PA,
USA) to simulate otosclerosis [11, 16-18]. Immobility of the stapes was checked by manual
palpation of the incus and stapes with a microscopic hook. Furthermore, laser Doppler
interferometry confirmed stapes fixation; proper fixation of the stapes resulted in reduced
vibration velocities of the stapes and round window to almost the noise floor. A standard
stapedotomy surgery was performed. The replacement prosthesis was the Causse Large Loop
prosthesis (Medtronic Inc., Jacksonville, FL, USA) with a 0.4-, 0.6- and 0.8-mm-diameter piston.
This particular piston was chosen as the same loop on the incus can be purchased with three
different piston diameter sizes, removing differences in the loop coupling to the incus as a
variable. The diameter of the loop that was used for coupling to the incus was 0.8 mm in all
of these prostheses. Fenestration of the stapes footplate was performed using a drill. The
fenestration sizes were slightly larger than the piston diameters: approximately 0.5, 0.7 and
0.9 mm respectively. This was sized using drill bits of these sizes. The area around the fenestration
was filled with saline during the stapedotomy to prevent the leakage of intracochlear fluid
[11]. To reduce fluid leakage between the piston and the stapedotomy perforation following the
stapedotomy and to simulate sealing mucosa growing over the fenestration, the area around
the perforation was covered with perichondrium. Perichondrium was used as it could be
harvested directly from the concha or tragus of our temporal bone specimens and it did not
dissolve in the saline surrounding the fenestration site. We experimented with other seals
first, including a variety of (nasal) ointments of different viscosities, various silicones and
dental alginate impression material. These seals proved unsatisfactory because they either
dissolved in the saline that we used in the experiments, or fixed the prosthesis within the
fenestration and damped its motion.
Measurements
An ER-2 loudspeaker (Etymotic Research, Elk Grove Village, IL, USA) was placed in the ear canal
through a foam ear tip. The ER-2 loudspeaker was positioned approximately 5 mm from the
umbo. Acoustic stimuli in the form of pure tones from 250 to 8000 Hz were generated at 110
dB sound pressure level. A total of 16 frequencies in a one-third octave series were used.
The ear canal sound pressure levels were measured using an ER-7 microphone (Etymotic
Research, Elk Grove Village, IL, USA), which was placed through the anterior ear canal wall
and within 2 mm of the anterior margin of the tympanic membrane. The ER-7 microphone
was glued in place. Eight sets of measurements were performed on each temporal bone: (1)
normal condition (mobile stapes), (2) stapes fixation and stapedotomy followed by insertion
of (3) a 0.4-mm-diameter piston in a 0.5-mm-diameter fenestration, (4) a 0.4-mm-diameter
piston in a 0.7-mm-diameter fenestration, (5) a 0.4-mm-diameter piston in a 0.9-mmdiameter fenestration, (6) a 0.6-mm-diameter piston in a 0.7-mm-diameter fenestration, (7)
a 0.6-mm-diameter piston in a 0.9-mm-diameter fenestration and (8) a 0.8-mm-diameter
piston in a 0.9-mm-diameter fenestration.
Stapes footplate velocities were measured in pre-stapedotomy temporal bones (conditions 1
and 2). Round window velocities were measured in all conditions (conditions 1 to 8). In each
test condition, measurements were repeated three to five times. In doing this repeat testing,
the piston was completely removed from the temporal bone and replaced again before taking
the next measurement. Repeatable measurements that varied by less than a few percent were
averaged and used for further analyses. Stapes footplate velocities and round window velocities
were measured at multiple equally spaced points covering the stapes footplate or round window
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using a scanning laser Doppler interferometry system (LDV; Polytec PI, Tustin, CA, USA).
About 20 to 25 points were measured per condition. The middle ear cavity was left open during
measurements. Assuming the effects of the open middle ear cavity to be the same for all
conditions, there was no need to close the middle ear cavity.

Statistical analyses
Further analyses were performed in MATLAB (Mathworks, Natick, MA, USA). Results were
plotted normalized to ear canal sound pressure level as dB re: 1 mm/s/Pa. Measurement
points that deviated more than 10 dB in amplitude from the central stapes and round window
points of interest were rejected. This was to eliminate points on the edges of the footplate that
may have overlapped the promontory and points on the edges of the round window that may
have overlapped the bony round window niche. Statistical analyses were performed using
SPSS version 23.0 (IBM Corp., Armonk, NY, USA). Phase differences were calculated as LDV
signal phase minus ER-7 phase. The ER-7 phase was calibrated against a ¼” microphone
(model 4939; Brüel & Kjær, Nærum, Denmark). Repeated measures analysis of variance
(ANOVA) was used to analyze the data from three temporal bones quantitatively. Condition
and frequency served as within-subject factors. To compensate for violations of compound
symmetry and sphericity, the Greenhouse and Geisser approach was used [19].
Results
Figure 1 and Table 1 illustrate the mean magnitudes of round window velocities in three
temporal bones with the placement of a 0.4-mm-diameter, 0.6-mm-diameter and 0.8-mmdiameter piston in a 0.9-mm-diameter fenestration. Interestingly, stapedotomy increased
round window displacements below 500 Hz. This probably reflects bypassing of the annular
ligament stiffness impedance in the mechanical energy transfer chain. At midrange frequencies,
between 500 and 4000 Hz, larger-diameter pistons increased round window velocities compared
to smaller-diameter pistons. Round window velocities increased by 2 to 3 dB when using a
0.6-mm-diameter piston compared to a 0.4-mm-diameter piston. Using a 0.8-mm-diameter
piston led to a further increase in round window velocities of 2 to 4 dB. The biggest difference
noted was 7.2 dB at 1259 Hz between the 0.8-mm and the 0.4-mm-diameter pistons. In the
range from about 700 to 2000 Hz, differences were of the order of 6 to 7 dB between these
two piston sizes.
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Figure 1. Effect of piston diameter on round window velocity normalized to ear canal pressure using
a 0.9-mm-diameter fenestration. The numbers presented in the graph are means across three bones.

Table 1. Effect of piston diameter on round window velocity normalized to ear canal pressure using a
0.9-mm-diameter fenestration. The numbers presented in the table are means across three bones.
Frequency (Hz)

0.4-mm-diameter 0.6-mm-diameter 0.8-mm-diameter
piston (dB(SD))
piston (dB(SD))
piston (dB(SD))

250

31

(4)

28

(4)

27

(9)

314

27

(4)

26

(4)

26

(7)

396

21

(7)

19

(6)

20

(8)

500
629

20
23

(6)
(1)

17
20

(6)
(0)

17
18

(8)
(3)

793

27

(7)

24

(7)

21

(4)

1000

30

(8)

28

(8)

24

(9)

1259

34

(7)

31

(6)

27 (10)

1587

36

(3)

34

(3)

30

(6)

2000

39

(4)

36

(3)

32

(6)

2519
3174

42
43

(3)
(1)

40
41

(5)
(2)

36
39

(7)
(4)

4000

43

(2)

42

(3)

40

(6)

5039

43

(0)

43

(2)

42

(3)

6349

43

(1)

43

(2)

42

(2)

8000

42

(1)

42

(2)

41

(3)

p -value*
0.023

Legend to Table 1
SD = standard deviation; * = p -value obtained using Greenhouse-Geisser corrected repeated measures
analysis of variance.
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On statistical testing, there was a significant effect of piston diameter on round window velocity
(Greenhouse and Geisser corrected p -value = 0.023, with the significant contrasts in condition
being the difference between the 0.4-mm-diameter and 0.6-mm-diameter piston with a p -value
of 0.022 and the difference between the 0.4-mm-diameter and 0.8-mm-diameter piston with
a p -value of 0.031. The difference between the 0.6-mm-diameter and 0.8-mm-diameter was
not significant with a p -value of 0.072).

0
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Fixed footplate

-50

6

0.4 mm piston
0.5 mm fenestration

-20

0.4 mm piston
0.7 mm fenestration
-30

0.4 mm piston
0.9 mm fenestration
Noise floor

-40
-50

250
314
39
6
50
0
629
793
10
00
125
9
158
7
200
0
251
9
317
4
40
00
503
9
634
9
80
00

Velocity normalized to ear canal pressure (dB)

Figure 2 and Table 2 illustrate the mean magnitudes of round window velocities in three
temporal bones when placing a 0.4-mm-diameter piston in a 0.5-mm-diameter, 0.7-mmdiameter and 0.9-mm-diameter fenestration. Fenestration size did not significantly affect
round window velocity (Greenhouse and Geisser corrected p -value = 0.561).

Frequency (Hz)
Figure 2. Effect of fenestration size on round window velocity normalized to ear canal pressure using a
0.4-mm-diameter piston. The numbers presented in the graph are means across three bones.

Figure 3 and Table 3 show comparisons between a 0.4-mm-diameter piston in a 0.5-mmdiameter fenestration, a 0.6-mm-diameter piston in a 0.7-mm-diameter fenestration and a
0.8-mm-diameter piston in a 0.9-mm-diameter fenestration. Statistical testing shows a
significant difference in round window velocities (Greenhouse and Geisser corrected
p -value = 0.013, with the significant contrasts in condition being the difference between a
0.4-mm-diameter piston in a 0.5-mm-diameter fenestration and a 0.8-mm-diameter piston
in a 0.9-mm-diameter fenestration with a p -value of 0.024 and the difference between a
0.6-mm-diameter piston in a 0.7-mm-diameter fenestration and a 0.8-mm-diameter piston
in a 0.9-mm-diameter fenestration with a p -value of 0.031).

99

CHAPTER 6

Table 2. Effect of fenestration size on round window velocity normalized to ear canal pressure using a
0.4-mm-diameter piston. The numbers presented in the table are means across three bones.
Frequency (Hz)

0.5-mm-diameter
fenestration

(dB(SD))

0.7-mm-diameter 0.9-mm-diameter
fenestration

(dB(SD))
31 (3)

(dB(SD))
31 (4)

250

31

(2)

314

31

(6)

30

(3)

27

(4)

396

25

(6)

23

(4)

21

(7)

500
629

22
22

(6)
(4)

19
21

(6)
(3)

20
23

(6)
(1)

793

28

(6)

26

(5)

27

(7)

29 (11)

30

(8)

1000

31 (12)

p -value*

fenestration

1259

32

(9)

32 (10)

34

(7)

1587

33

(5)

34

(6)

36

(3)

2000

35

(3)

37

(5)

39

(4)

2519
3174

38
40

(2)
(2)

40
41

(2)
(1)

42
43

(3)
(1)

4000

40

(5)

41

(2)

43

(2)

5039

42

(2)

43

(0)

43

(0)

6349

44

(1)

44

(0)

43

(1)

8000

43

(2)

42

(1)

42

(1)

0.561

Legend to Table 2
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Fixed footplate

-10

0.4 mm piston
0.5 mm fenestration

-20

0.6 mm piston
0.7 mm fenestration
-30

0.8 mm piston
0.9 mm fenestration
Noise floor

-40
-50

250
314
39
6
50
0
629
793
10
00
125
9
158
7
200
0
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9
317
4
40
00
503
9
634
9
80
00

Velocity normalized to ear canal pressure (dB)

SD = standard deviation; * = p -value obtained using Greenhouse-Geisser corrected repeated measures
analysis of variance.

Frequency (Hz)
Figure 3. Effect of common clinical combinations of piston and fenestration sizes on round window
velocity normalized to ear canal pressure. The numbers presented in the graph are means across three bones.
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Table 3. Effect of common clinical combinations of piston and fenestration sizes on round window
velocity normalized to ear canal pressure. The numbers presented in the table are means across three bones.
Frequency (Hz)

0.4-mm-diameter
piston,

0.6-mm-diameter
piston,

0.8-mm-diameter
piston,

0.5 mm-diameter
fenestration

0.7 mm-diameter
fenestration

0.9 mm-diameter
fenestration

(dB(SD))

(dB(SD))

p -value*

(dB(SD))

250

31

(2)

30

(6)

27

(9)

314

31

(6)

30

(5)

26

(7)

396

25

(6)

24

(7)

20

(8)

500
629

22
22

(6)
(4)

21
23

(7)
(3)

17
18

(8)
(3)

793

28

(6)

26

(3)

21

(4)

1000

31 (12)

27

(8)

24

(9)

1259

32

(9)

30

(7)

27 (10)

1587

33

(5)

33

(4)

30

(6)

2000

35

(3)

36

(4)

32

(6)

2519
3174

38
40

(2)
(2)

38
40

(4)
(3)

36
39

(7)
(4)

4000

40

(5)

41

(3)

40

(6)

5039

42

(2)

43

(2)

42

(3)

6349

44

(1)

44

(2)

42

(2)

8000

43

(2)

43

(2)

41

(3)

0.013

6

Legend to Table 3
SD = standard deviation; * = p -value obtained using Greenhouse-Geisser corrected repeated measures
analysis of variance.

Figure 4 and Table 4 illustrate the mean phase in three temporal bones with the placement
of a 0.4-mm-diameter, 0.6-mm-diameter and 0.8-mm-diameter piston in a 0.9-mm-diameter
fenestration. Repeated measures ANOVA showed no significant differences between these
three conditions (Greenhouse and Geisser corrected p -value = 0.111). Figure 4 and Table 5
illustrate the mean phase in three temporal bones when placing a 0.4-mm-diameter piston in
a 0.5-mm-diameter, 0.7-mm-diameter and 0.9-mm-diameter fenestration. Fenestration size
did not significantly affect phase (Greenhouse and Geisser corrected p -value = 0.926).
Stapedotomy itself, however, does seem to affect phase. Round window phase measurements obtained following stapedotomy differed significantly from round window phase
measurements obtained in normal temporal bones (Greenhouse and Geisser corrected
p-value = 0.016 with significant contrasts between all stapedotomy conditions and the
normal condition with p -values ranging between 0.002 and 0.039)
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00
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9
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4
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9
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9
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-700
Frequency (Hz)
Figure 4. Effect of piston diameter on round window phase using a 0.9-mm-diameter fenestration and
the effect of fenestration size on round window phase using a 0.4-mm-diameter piston. The numbers
presented in the graph are means across three bones.

Table 4. Effect of piston diameter on round window phase using a 0.9-mm-diameter fenestration. The
numbers presented in the graph are means across three bones.
0.4-mm-diameter
piston (degrees

0.6-mm-diameter
piston (degrees

0.8-mm-diameter
piston (degrees

p -value*

250

-171 (33)

-157 (29)

-154 (40)

0.111

314

-161 (14)

-151 (17)

-146 (34)

396

-186 (24)

-180 (25)

-165 (44)

500
629

-239 (62)
-283 (86)

-230 (62)
-279 (82)

-204 (70)
-252 (96)

793

-304 (69)

-304 (58)

-280 (93)

1000

-320 (37)

-317 (25)

-299 (67)

1259

-337 (10)

-337 (17)

-327 (31)

1587

-369 (12)

-361 (18)

-348 (19)

2000

-378 (25)

-379 (42)

-356 (28)

2519
3174

-398 (24)
-421 (38)

-404 (40)
-431 (38)

-390 (22)
-418 (25)

4000

-425 (57)

-432 (55)

-433 (38)

5039

-475 (57)

-486 (61)

-485 (44)

6349

-518 (60)

-531 (62)

-528 (49)

8000

-570 (53)

-595 (58)

-593 (48)

Frequency (Hz)

(SD))

(SD))

(SD))

Legend to Table 4
SD = standard deviation; * = p -value obtained using Greenhouse-Geisser corrected repeated measures
analysis of variance.
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Table 5. Effect of fenestration size on round window phase using a 0.4-mm-diameter piston. The
numbers presented in the table are means across three bones.
Frequency (Hz)

0.5-mm-diameter
fenestration

(degrees (SD))

0.7-mm-diameter 0.9-mm-diameter
fenestration

(degrees (SD))
-164 (40)

p -value*

fenestration

(degrees (SD))
-171 (33)

250

-159 (23)

314

-153 (13)

-151

(9)

-161 (14)

396

-172 (21)

-168

(8)

-186 (24)

500
629

-208 (43)
-268 (74)

-215 (43)
-272 (75)

-239 (62)
-283 (86)

793

-299 (92)

-301 (87)

-304 (69)

1000

-304 (57)

-315 (59)

-320 (37)

1259

-310 (20)

-330

(5)

-337 (10)

1587

-349 (46)

-356 (12)

-369 (12)

2000

-367 (35)

-371

(3)

-378 (25)

2519
3174

-389 (15)
-419 (28)

-402 (4)
-428 (27)

-398 (24)
-421 (38)

4000

-449 (40)

-448 (50)

-425 (57)

5039

-521 (53)

-502 (45)

-475 (57)

6349

-558 (46)

-542 (41)

-518 (60)

8000

-614 (25)

-607 (54)

-570 (53)

0.926

6

Legend to Table 5
SD = standard deviation; * = p -value obtained using Greenhouse-Geisser corrected repeated measures
analysis of variance.

Discussion
The aim of this temporal bone study was to evaluate the effect of piston diameter in stapedotomy for otosclerosis. The effects of different piston diameters on round window vibrations
were measured in three temporal bones. At midrange frequencies, between 500 and 4000
Hz, round window velocities increased by 2 to 3 dB using a 0.6-mm-diameter piston compared
to a 0.4-mm-diameter piston. The use of a 0.8-mm-diameter piston led to a further increase
in round window velocities of 2 to 4 dB. Fenestration size did not affect round window velocity
when comparing a 0.5-, 0.7- and 0.9-mm-diameter fenestration with the placement of a
0.4-mm-diameter piston in each of these fenestrations.
A temporal bone study performed by Sim et al showed a similar effect of piston diameter on
hearing results in three temporal bones [11]. They did not investigate the interaction with
fenestration diameter, however, and only measured two piston diameters. A priori, we
assumed the fenestration diameter would have a bigger effect on sound transmission to the
round window than it turned out to. Sim et al found that the larger-diameter piston resulted
in greater round window volume displacements for a given sound pressure level. The mean
difference between a 0.5-mm-diameter and 0.8-mm-diameter Smart piston was approximately
3 dB up to 1000 Hz and more than 5 dB above 6000 Hz. This is in the same order of magnitude
of piston diameter effects that we measured in our experiments. Mathematical models also
suggest an advantage of larger-diameter pistons [9, 10]. Rosowksi and Merchant model a 5 dB
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loss following placement of a 0.8-mm-diameter piston compared to a full stapes footplate [9].
Likewise, the use of a 0.6-mm-diameter piston is predicted, by their relatively simple model,
to cause a 8 to 12 dB loss, a 0.4-mm-diameter piston a 15 to 20 dB loss and a 0.2-mm-diameter
piston a 30 dB loss. According to their calculations, a hypothetical piston with a diameter of
1.0 mm would produce a near-normal volume velocity of the stapes. Our empirical results,
and those of Sim et al do not show such large effects [11]. Kwacz et al, in a finite element
analysis model, found a 4 dB difference in favor of a larger-diameter piston at all frequencies
between 400 and 10,000 Hz when comparing a 0.4-mm-diameter piston with a 0.6-mmdiameter piston [10].
Clinical studies on this issue are not consistent in their results [8]. The majority of studies do
not show a statistically significant or a clinically relevant difference in air-bone gap closure
to 10 dB or less when comparing two differently sized pistons [20-25]. Studies evaluating the
effect of piston diameter on mean postoperative air-bone gap report differences of 3 dB in
favor of a smaller-diameter piston to 3 dB in favor of a larger-diameter piston [20, 22, 24, 26].
In clinical studies, however, it is very difficult to remove the effects of numerous confounding
variables.
Figure 1 shows comparisons for different piston sizes. Since the pistons are circular, the
cross-sectional areas grow with the square of the radius. The cross-sectional areas of the pistons
can be calculated from = πr2, and are 0.13 mm2 for the 0.4-mm-diameter piston, 0.28 mm2
for the 0.6-mm-diameter piston (125% more than the 0.4-mm-diameter piston) and 0.50
mm2 for the 0.8-mm-diameter piston (78% more than the 0.4-mm-diameter piston and 300%
more than the 0.6-mm-diameter piston). Hence, there might well be a much larger increment
in volume displacement for the 0.6-mm-diameter piston over the 0.4-mm-diameter piston,
than for the 0.8-mm-diameter piston over the 0.6-mm-diameter piston. Comparing Figure 3
with Figure 1, in Figure 3 the fenestra size increases with the piston diameter, whereas in
Figure 1, all three piston diameters are tested in the same fenestration size of 0.9 mm; the
maximum fenestration created. The 0.4-mm-diameter and 0.6-mm-diameter pistons are less
well separated in Figure 3, in which the 0.4-mm-diameter piston has a 0.5-mm-diameter
fenestration and the 0.6-mm-diameter piston a 0.7-mm-diameter fenestration. It is possible
that with a larger fenestra size, the piston is able to entrain some of the surrounding sealing
perichondrium as part of its vibrating cross-sectional diameter, and that there is some interaction between the piston diameter and the fenestration diameter.
It has been hypothesized that connective tissue surrounding the piston may increase its
effective area [9, 27]. Usually, in stapedotomy, the fenestration size is slightly larger than the
piston diameter resulting in a slightly larger effective area, if indeed the connective tissue
vibrates with the piston. This may not be the case when the fenestration is much larger than
that of the piston or when a total stapedectomy is performed. It is certainly possible that,
when healed in the living human condition, the tissue graft between the piston and the
fenestration site could significantly increase the effective area of the piston. In our study, we
are not able to simulate this effectively, and found fenestration size did not significantly
affect round window velocity. We also found a significant drop in the round window velocity
after stapedotomy in the order of 10 to 15 dB from the mobile intact stapes condition in frequencies
above 700 Hz. Clinically, it is not uncommon to get complete closure of the air-bone gap,
at least in some patients, at these higher frequencies. It is possible that our seal around the
fenestra is not similar to the healed condition following stapedotomy in live humans, and in
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the temporal bone model this gap around the piston may represent a ‘pressure shunt’.
This can only be tested in animal models after healing. This would require good anatomical
similarities to humans in the animals chosen, or by developing effective sealing methods that
mimic closely the healed human fenestra around an inserted piston.
Conclusion
Our results suggest a modest effect of piston diameter on hearing results following stapedotomy. Larger-diameter pistons increased round window velocities at midrange frequencies.
Round window velocities increased by 2 to 3 dB when using a 0.6-mm-diameter piston compared
to a 0.4-mm-diameter piston. Using a 0.8-mm-diameter piston led to a further increase in round
window velocities of 2 to 4 dB. Fenestration size does not seem to affect hearing results following
stapedotomy.
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Abstract
Objective: to ascertain if wideband acoustic immitance (WAI) measurements are useful in
assessing crimping status following stapedotomy.
Methods: eight fresh-frozen, non-pathologic temporal bones were harvested from human
cadaveric donors. WAI measurements were obtained using the Mimosa Acoustics HearID
system. Wideband chirp sound stimuli and a set of tone stimuli for nine frequencies between
200 and 6000 Hz were used at 60 dB sound pressure level. Five sets of measurements were
performed on each temporal bone: (1) mobile stapes, (2) stapes fixation and stapedotomy
followed by insertion of (3) a tightly crimped prosthesis, (4) a loosely crimped prosthesis and
(5) a prosthesis that was not crimped at all.
Results: at lower frequencies, up to 1000 Hz, stapes fixation decreased absorbance. Compared
to the baseline absorbance, absorbance with stapes fixation dropped by 6 to 17% in absolute
terms from the baseline value (p-value = 0.027). Absorbance was not affected in higher
frequencies (p-value = 0.725). Stapedotomy changed the absorbance curve significantly
compared to the normal condition with an increase of absolute absorbance values by 8 to
32% around 250 to 1000 Hz (p-value = 0.005). The crimping conditions did not differ from
one another (p-value = 0.555).
Conclusion: WAI is not useful in distinguishing between tightly crimped, loosely crimped
and uncrimped stapes prostheses following stapedotomy.

110

TEMPORAL BONE MODEL OF WAIM IN ASSESSING CRIMPING STATUS

Background
Conductive hearing loss accompanied by an intact tympanic membrane and aerated middle
ear is common and is usually caused by ossicular fixation, ossicular discontinuity or can be
mimicked by a third window lesion of the inner ear. There are no diagnostic tests commonly
available that reliably differentiate between these conditions. The size and the pure-tone
frequencies at which air-bone gaps occur on audiometry show large variations within and
among these conditions [1]. Conventional 226 Hz tympanometry cannot differentiate between ossicular fixation, partial discontinuity or third window lesions [2]. Although acoustic
reflexes and vestibular evoked myogenic potential testing are helpful in diagnosing superior
canal dehiscence, they do not differentiate between ossicular conditions [3]. A diagnostic test
that accurately differentiates between these conditions and can be used in an office setting
may be of clinical value. It could aid the otologist in preoperative counseling of patients and
planning and prevent unnecessary surgery in patients with third window lesions [3, 4].
Wideband acoustic immitance (WAI) measurements have shown promise in the differential
diagnosis of several middle ear disorders [5-7]. WAI measurements are non-invasive, fast and
evaluate the system over a broad range of frequencies. WAI includes acoustic admittance,
as well as acoustic impedance, power reflectance and power absorbance. These quantities
describe the sound flow to and from the middle ear. Most studies report wideband energy
or power reflectance (|R|2) or wideband energy absorbance (A). The power reflectance is the
square of pressure reflectance and represents the ratio of reflected energy to the incident
energy. It varies from zero, indicating all energy has been absorbed into the middle ear, to one,
meaning all energy has been reflected back from the middle ear [8]. Absorbance represents
the power absorbed by the middle ear and is computed as one minus the power reflectance.
Of particular importance in stapes surgery, various symptoms and signs may ensue poststapedotomy surgery that may be due to a loose piston or disengaged piston. One such is a
recurrence or persistence of a conductive hearing loss. Another is the “loose wire syndrome”
[9] in which patients complain of sound distortion, particularly for louder sounds. A test to
determine whether the prosthesis is loosely or tightly crimped onto the incus would be very
useful clinically. Optimal fixation of the prosthesis to the incus is essential for adequate and
effective sound transmission, as well as for minimizing unpleasant sensations. Both clinical
and temporal bone studies have shown that the quality of crimping is associated with postoperative hearing results [10, 11]. In a temporal bone model, the sound transmission from
incus to prosthesis following tight crimping was similar to the sound transmission found
in the physiological incudostapedial joint [10]. Loose and no crimping on the other hand
led to sound transmission losses of 5 dB in high frequencies and 10 dB in low frequencies
compared to the normal, pre-stapedotomy condition. Loose wires or dislocated prostheses
are frequently encountered during revision stapes surgery and are frequently the main cause
of hearing loss in this situation [12-14]. Our main goal for this study was to ascertain if WAI
measurements may be useful in assessing crimping status following stapedotomy and if they
might help in diagnosing the main cause of failure before revision surgery and thus in
preoperative counseling of patients. WAI measurements could also be useful in diagnosing
the cause of symptoms of sound distortion following stapedotomy, perhaps also helping us to
confirm a diagnosis of “loose wire syndrome” [9].
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Materials and methods

Temporal bone preparation
Eight temporal bones were harvested from human cadaveric donors within 48 hours of death.
The bones were frozen until ready for processing. This process has little effect on their mechanical
impedance characteristics [15, 16]. The freezing and thawing process was closely monitored
to ensure no air bubbles ensued in the cochlea and the magnitude of the WAI measurements
was similar in pre-frozen bones and in frozen and thawed bones. Cortical mastoidectomy was
performed, followed by an extended posterior tympanotomy with removal of the facial nerve
recess to expose the stapes footplate and round window region as much as possible. The
temporal bones were examined microscopically to exclude tympanic membrane perforations
and ossicular malformations, such as fixation of the ossicles or disruption of the ossicular
chain. Only non-pathologic temporal bones were included in the study. One of the bones
showed a “floppy” tympanic membrane and stapes fixation and was excluded for these reasons.
In all bones, we checked that the phase difference of the round window and oval window in
response to low frequency acoustic stimulation was -180 degrees, to eliminate the possibility
of air bubbles from the thawing process [17]. Throughout measurements, saline was applied
periodically to the temporal bone surface and tympanic membrane to make sure the bone
stayed moist [18]. Excess fluid was suctioned away before taking measurements.
Wideband acoustic immitance measurements
The WAI measurements were obtained in a sound-treated room using the Mimosa Acoustics
HearID system (HearID software version 5.1.9.2). The middle ear cavity was closed off using
clay when taking measurements. A foam eartip with an ER-10C probe was placed in the ear
canal. The method that is used to calculate WAI assumes there are no losses along the ear
canal wall and that the cross-sectional area of the ear canal is known at the measurement
location and does not change (abruptly) along the ear canal. It is assumed that differences
between these assumptions and reality are negligible. Absorbance generally increases with
distance from the tympanic membrane, though if the distance remains between 3 to 5 mm
from the tympanic membrane, the variation in absorbance is negligible [19]. The distance
between the foam ear tip and tympanic membrane was standardized as much as possible in
our experimental set-up. The distance between the foam ear tip and the tympanic membrane
was kept within 5 mm. The insertion depth was marked on the foam ear tip at first use to ensure
the distance between the foam ear tip and the tympanic membrane remained the same
throughout different conditions within one bone. The bones used in these experiments were
used for an additional set of experiments [20]. These additional experiments required the use
of laser Doppler interferometry and thus the placement of an ER-7 microphone through the
anterior ear canal wall and within 2 mm of the anterior margin of the tympanic membrane.
The ER-7 microphone was glued in place and even though it was not used for data collection,
it was present while performing the measurements required for the experiments described
in this chapter.
Both wideband chirp sound stimuli and a set of tone stimuli for nine frequencies between
200 and 6000 Hz were used at 60 dB sound pressure level. Five sets of measurements were
performed: (1) normal condition (mobile stapes), (2) stapes fixation and stapedotomy followed
by insertion of a (3) tightly crimped prosthesis, (4) a loosely crimped prosthesis and (5) a
prosthesis that was not crimped at all. All of these conditions were simulated in each temporal
bone. The post-stapedotomy conditions were performed in a randomized fashion using a
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randomization chart that was established before performing any measurements. In each test
condition, wideband chirp responses were repeated until two sequential measurements varied
by less than a few percent. The two repeatable chirp responses were averaged and used for
further analyses. The tone responses were used to further check repeatability of the measurements.
The probe was calibrated daily using Mimosa’s instructions, which can be found online
(www.mimosaacoustics.com). The calibration procedure determines the Thévenin equivalent
source parameters of the combined sound source, microphone and attached foam tip [21]. It
utilizes sound pressure measurements at the entrance of four cylindrical tubes of different
lengths. The calculated Thévenin equivalent needs to be within a set of predetermined values
before proceeding with absorbance measurements.

Stapes fixation and stapedotomy
The stapes footplate was immobilized using coral glue (EcoTech Marine LLC, Allentown, PA,
USA) to simulate otosclerosis [22-25]. Immobility of the stapes was checked by manual palpation
of the incus and stapes with a microscopic hook. Furthermore, laser Doppler interferometry
confirmed stapes fixation. Proper fixation of the stapes resulted in reduced vibration velocities
of the stapes and round window to almost the noise floor. A standard stapedotomy surgery
was performed using a 0.4-mm-diameter Kurz titanium K-piston (Heinz Kurz GmbH Medizintechnik, Dusslingen, Germany). Fenestration of the stapes footplate was performed using a
drill. The fenestration size was approximately 0.5 mm. The area around the fenestration was
filled with saline during the stapedotomy to prevent the leakage of intracochlear fluid [24]. To
reduce fluid leakage between the piston and the perforation following the stapedotomy and
to simulate sealing mucosa growing over the fenestration, the area around the perforation
was covered with perichondrium. Perichondrium was used because it could be harvested
directly from the concha or tragus of our temporal bone specimens. In the no crimping condition,
the prosthesis was placed on the incus without crimping it at all. In the loose crimping condition,
the prosthesis was partially crimped around the incus using two angulated hooks. There was
still an obvious free movement between the incus and the prosthesis upon palpation of the
incus. When tightly or completely crimped, the prosthesis did not show free movement while
touching the incus with an angulated hook.
Statistical analyses
In accordance with the Eriksholm Workshop on Wideband Absorbance Measures of the Middle
Ear Consensus Statement, the absorbance was used to describe WAI [26]. Statistical analyses
were performed using SPSS version 23.0 (IBM Corp., Armonk, NY, USA). The absorbance was
averaged over one-third octave bands for data analysis, which reduced the data points from
248 to 15 frequencies. The data for each temporal bone was analyzed qualitatively to track
the individual patterns of change in absorbance in different simulated conditions, thus avoiding
averaging out effects that might be qualitatively similar, but varied in the frequency at which
they occurred between temporal bones. One temporal bone was an outlier and therefore the
results in this temporal bone were not used in the quantitative analyses (Results section).
Repeated measures analysis of variance (ANOVA) was used to analyze the data from six temporal
bones quantitatively. First, two repeated measures ANOVAs were performed for comparison
of the normal condition and stapes fixation for groups of frequencies (250 to 1000 Hz and
1250 to 6300 Hz). Similarly, two repeated measures ANOVAs were performed for comparison
of the normal condition and stapedotomy followed by interposition of a tightly crimped prosthesis
(250 to 1000 Hz and 1250 to 6300 Hz). The cut-off value between groups of frequencies was
based on visual inspection of Figure 1. Condition and frequency served as within-subject factors.
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Third, a repeated measures ANOVA was performed for comparison of different crimping qualities
for all frequencies. Condition and frequency served as within-subject factors. To compensate
for violations of compound symmetry and sphericity, the Greenhouse and Geisser approach
was used.
Mobile stapes

80

Fixed stapes

Absorbance (%)

100

Tight crimping
60
Tight crimping
(without outlier)

40

Loose crimping
No crimping

20

80
0
10
00
125
0
16
00
20
00
25
00
315
0
40
00
50
00
63
00

25
0
315
40
0
50
0
630

0
Frequency (Hz)
Figure 1. Mean absorbance averaged over one-third octave bands from 250 to 6300 Hz for normal
stapes, fixed stapes and following stapedotomy. For the condition “tight crimping”, a curve including an
outlier (n = 6) and excluding an outlier is presented (n = 5).
Results
Figure 2 shows the graphed individual results for each temporal bone. This is important to
look at, in addition to the averages, as the frequency response changes seen in different
crimping conditions may follow a similar pattern from bone to bone, but may occur at different
frequencies, and so may not be visible in the averaged results. Whilst there are general
trends for the relative changes between conditions that are similar in many bones, there are
also large variations from bone to bone. With regard to the normal and stapes fixation condition,
fixation of the stapes footplate resulted in a decrease in energy absorption at low frequencies
in most temporal bones. Temporal bone number 5 and temporal bone number 6 did not show
this pattern. In these two bones, fixation of the stapes footplate did not change the energy
absorption much at any of the measured frequencies. Furthermore, temporal bone number 6
showed a similar pattern in energy absorption for all five conditions. Pathology at a more lateral
level, such as tympanic membrane flaccidity or ossicular chain hypermobility, might be masking
the simulated conditions at the level of the stapes (footplate). However, no tympanic membrane
abnormalities or ossicular chain malformations were seen upon microscopic evaluation of
this temporal bone. Even though we do not have an explanation for the similarity in energy
absorption across all conditions in this temporal bone, we decided not to include this temporal
bone in the group analyses, as it would skew the data. In fact, including or not including this
bone changes the group data very little.
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Figure 1 illustrates the mean absorbance in six temporal bones for all five conditions using
one-third octave bands. Table 1 illustrates the mean absorbance per frequency for the normal
condition and stapes fixation using one-third octave bands. At lower frequencies, up to 1000
Hz, stapes fixation decreased absorbance. Compared to the baseline absorbance (which varied
from 10 to 54% by frequency), absorbance with stapes fixation dropped by 6 to 17% in absolute
terms from the baseline value (p-value = 0.027). Absorbance was not affected as much in
higher frequencies (p-value = 0.725). Stapedotomy followed by interposition of a tightly
crimped prosthesis changed the absorbance curve significantly compared to the normal condition
with an increase of absorbance values around 250 to 1000 Hz (Figure 1, Table 2; p-value =
0.005). At these lower frequencies, stapedotomy increased the absolute absorbance by 8 to
32% compared to the normal condition.
In particular, the crimping conditions did not differ from one another with regard to absorbance
(Figure 1, Table 3; p-value = 0.555). While there was no difference between loose and no
crimping, there seemed to be a marked difference between these two conditions and tight
crimping at high frequencies. However, one outlier mainly affected the mean absorbance for
the tight crimping condition at these frequencies. This is reflected in the large standard deviations
at 4000 and 5000 Hz (50 and 96 respectively). When we disregard this outlier, the mean
absorbances for the tight crimping condition do not differ very much from the loose and no
crimping conditions (Figure 1). It needs to be noted that absorbance varied greatly between
temporal bones (Figure 3). This is also reflected in the large standard deviations in Table 1
to 3.

115

7

CHAPTER 7

Temporal bone number 5
100

80

80

Absorbance (%)

Absorbance (%)

Temporal bone number 1
100

60
40
20

40
20

25
0
31
5
40
0
50
0
63
0
80
0
10
00
12
50
16
00
20
00
25
00
31
50
40
00
50
00
63
00

0

25
0
31
5
40
0
50
0
63
0
80
0
10
00
12
50
16
00
20
00
25
00
31
50
40
00
50
00
63
00

0

60

Frequency (Hz)

Frequency (Hz)
Temporal bone number 6 (considered an outlier)
100

80

80

Absorbance (%)

Absorbance (%)

Temporal bone number 2
100

60
40
20

40
20

25
0
31
5
40
0
50
0
63
0
80
0
10
00
12
50
16
00
20
00
25
00
31
50
40
00
50
00
63
00

0

25
0
31
5
40
0
50
0
63
0
80
0
10
00
12
50
16
00
20
00
25
00
31
50
40
00
50
00
63
00

0

60

Frequency (Hz)

Frequency (Hz)

80

80

60
40
20

60
40
20

Frequency (Hz)
Temporal bone number 4
100

25
0
31
5
40
0
50
0
63
0
80
0
10
00
12
50
16
00
20
00
25
00
31
50
40
00
50
00
63
00

0

25
0
31
5
40
0
50
0
63
0
80
0
10
00
12
50
16
00
20
00
25
00
31
50
40
00
50
00
63
00

0

Absorbance (%)

Temporal bone number 7
100

Absorbance (%)

Absorbance (%)

Temporal bone number 3
100

Frequency (Hz)
Mobile stapes
Fixed stapes

80

Tight crimping
Loose crimping

60

No crimping
40
20

25
0
31
5
40
0
50
0
63
0
80
0
10
00
12
50
16
00
20
00
25
00
31
50
40
00
50
00
63
00

0

Frequency (Hz)

Figure 2. Mean absorbance averaged over one-third octave bands from 250 to 6300 Hz for normal
stapes, fixed stapes and following stapedotomy. Temporal bone number 6 was considered an outlier.
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Table 1. Mean absorbance averaged over one-third octave bands from 250 to 6300 Hz for normal and
fixed stapes (n = 6).
Frequency (Hz)

Mobile stapes
Fixed stapes
footplate (%(SD)) footplate (%(SD))

Diﬀerence
(%(SD))

250

10

(8)

3

(3)

-6

(6)

315

12

(9)

4

(4)

-7

(7)

400

15 (11)

6

(5)

-10

(8)

500
630

21 (15)
30 (20)

8 (6)
13 (10)

-14 (12)
-17 (17)

800

39 (20)

27 (19)

-12 (19)

1000

50 (20)

40 (22)

-10 (11)

1250

54 (12)

46 (18)

-9 (17)

1600

55 (15)

59 (16)

4 (14)

2000

50 (14)

59 (13)

8 (11)

2500
3150

35 (12)
26 (13)

39 (9)
25 (11)

4
-1

(5)
(6)

4000

22

(5)

1

(7)

5000

16 (12)

8 (19)

6300

32 (17)

24 (12)

(7)

23

p -value*
0.027

0.725

7

-8 (13)
-8

(8)

Legend to Table 1
SD = standard deviation; * = p-value obtained using repeated measures analysis of variance.

Table 2. Mean absorbance averaged over one-third octave bands from 250 to 6300 Hz for normal
stapes and stapedotomy followed by interposition of a tightly crimped prosthesis (n = 6).
Frequency (Hz)

Mobile stapes
footplate (%(SD))

Tight crimping
(%(SD))
(8)

Diﬀerence
(%(SD))
13

(9)

250

10

(8)

23

315

12

(9)

29 (10)

17 (13)

400

15 (11)

42 (17)

26 (22)

500
630

21 (15)
30 (20)

51 (18)
62 (14)

30 (25)
32 (26)
28 (19)

800

39 (20)

67 (14)

1000

50 (20)

58

(9)

1250

54 (12)

51

(8)

1600

55 (15)

44 (13)

-11 (13)

2000

50 (14)

35 (16)

-15 (13)

2500
3150

35 (12)
26 (13)

26 (20)
19 (23)

-8 (14)
-7 (21)

4000

22

(7)

1 (50)

-21 (49)

5000

16 (12)

-24 (96)

-40 (98)

6300

32 (17)

24 (23)

-7 (28)

p -value*
0.005

8 (18)
-3

(5)

0.214

Legend to Table 2
SD = standard deviation; * = p-value obtained using repeated measures analysis of variance.
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Table 3. Mean absorbance averaged over one-third octave bands from 250 to 6300 Hz for tight crimping,
loose crimping and no crimping (n = 6).
Frequency (Hz)

Tight crimping
(%(SD))

Loose crimping
(%(SD))

No crimping
(%(SD))

p -value*
0.555

250

23

(8)

22 (13)

23 (14)

315

29 (10)

27 (14)

29 (15)

400

42 (17)

40 (21)

39 (18)

500
630

51 (18)
62 (14)

56 (27)
66 (12)

55 (26)
65 (15)

800

67 (14)

64 (16)

65 (16)

1000

58

(9)

55 (17)

58 (13)

1250

51

(8)

51 (14)

50 (15)

1600

44 (13)

44 (18)

45 (20)

2000

35 (16)

36 (21)

37 (20)

2500
3150

26 (20)
19 (23)

31 (19)
26 (17)

30 (19)
25 (17)

4000

1 (50)

18 (21)

17 (18)

5000

-24 (96)

7 (36)

6 (28)

6300

24 (23)

15 (34)

22 (20)

Legend to Table 3
SD = standard deviation; * = p-value obtained using Greenhouse-Geisser corrected repeated measures
analysis of variance.
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Figure 3. Absorbance averaged over one-third octave bands from 250 to 6300 Hz for normal stapes
and fixed stapes in seven individual temporal bones. This figure was not part of the original publication.
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Discussion
Our results are in agreement with numerous studies that have shown that stapes fixation
increases power reflectance at frequencies lower than 1000 Hz, indicating an increased stiffness
in the middle ear system [5-7]. Shahnaz et al also found that the range of power reflectance varies
greatly within normal ears [27] and thereby limits the use of power reflectance as a diagnostic
tool. The mean power reflectance in ears with stapes fixation may be statistically different
from normal ears, but it may not be possible to distinguish one individual pathological ear
from normal based on power reflectance [28]. Indeed, our results and those reported by
Shahnaz et al show that the range of power reflectance for stapes fixation overlaps considerably
with the range for normal ears [5]. In the context of other clinical tools that are currently used
to assess the middle ear, however, numerous studies have shown superior test performance
of WAI measurements compared to the very poor performance of conventional tympanometry
in detecting stapes fixation [5, 29, 30]. Furthermore, Nakajima et al have shown that a combination
of air-bone gap measurements and power reflectance can accurately differentiate between
different pathologies, namely stapes fixation, ossicular discontinuity and superior canal
dehiscence [28]. Sensitivities ranged between 83 and 100% and specificities ranged between
95 and 100% in their study.
Shahnaz et al examined patterns of power reflectance in otosclerotic ears and compared these
to patterns of power reflectance following stapes surgery [6]. The most prominent change
they found following stapes surgery was a sharp and deep drop in the power reflectance
values between 700 and 1000 Hz. Furthermore, they found a small increase in power reflectance
between 2000 and 4000 Hz following stapes surgery. The power reflectance values approximated
the values that are found in normal ears. In our study, we found the same pattern when comparing
measurements taken pre-stapedotomy and post-stapedotomy. However, the sharp increase
in absorbance in the lower frequencies and mild decrease in absorbance in higher frequencies
post-stapedotomy were more pronounced and did not match the pattern found in nonotosclerotic ears in living controls. The power reflectance/absorbance patterns following stapes
surgery, which bypasses the power flow through the stapes crura, footplate and annular ligament,
are very similar to the patterns observed in ossicular discontinuity [19, 29]. Ossicular discontinuity is also characterized by a deep notch in power reflectance in the low frequencies,
which corresponds with a steep increase in absorbance. The total impedance in the human
middle ear at lower frequencies is largely dominated by the annular ligament and inner ear
complex [31]. Stapes surgery eliminates the contribution of the annular ligament to the total
impedance of the middle ear.
Three reports have analyzed test-retest measurements of power reflectance in a clinical setting
with the probe reinserted between measurements during the same measurement session
[32-34]. The 90th percentile of test-retest differences in power reflectance was within 5% in
the study performed by Vander Werff et al [32]. Hunter et al reported intraclass correlation
coefficients that ranged between 0.68 and 0.97 at nine frequencies [33]. Beers et al found
that test-retest differences in control subjects without middle ear pathology were negligible
[34]. Two studies performed test-retest measurements in a clinical setting during different
sessions that were one or two weeks apart [21, 35]. Werner et al reported differences between
test and retest measurements of around 5% in adults with the 90th percentile between 10
and 15% [35]. Rosowski et al reported similar results [21]. Because test-retest measurements
have shown substantial reliability, observed differences between conditions are most likely
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due to changes in the conditions and not as a result of measurement variability. Additionally,
our temporal bone experiments were carried out in a controlled setting, which is why it seems
likely that intrasubject variations are less than in a clinical setting.
Our results would suggest that wideband power reflectance measurements are not useful
clinically to distinguish the crimping status of stapes prostheses. There is no individual resonance
that can be attributed to a loose piston that was detectable in our acoustic measurements.
Hence, the main focus of our study has not yielded a promising clinically applicable test.
Several limitations should be taken into consideration when interpreting our results. First, an
ER-7 microphone was placed through the anterior ear canal wall and within 2 mm of the anterior
margin of the tympanic membrane. The ER-7 microphone was glued in place and even
though it was not used for data collection, it was present while performing the measurements
required for the experiments described in this chapter. Feeney et al showed that the presence
of an ER-7 microphone does not affect WAI measurements [36]. They tested this assumption
in two temporal bones only. Second, our measurements only went to 6000 Hz. It is possible
there may be a free resonance of the stapes loosely or uncoupled piston at higher frequencies,
although the number of fine resonances, which may vary from bone to bone, will likely also
be more frequent at higher frequencies. Last, in real life the fenestration site will be well
sealed with scar tissue over time resulting in increased stiffness. We did not attempt to mimic
this scar tissue effect.
Conducting WAI measurements under pressurization (wideband tympanometry) may provide
additional diagnostic information. Pressurizing the middle ear tends to load the eardrum,
which in turn may potentially lead to accentuated differences in power absorbance between
groups at peak pressure [37]. Future investigations should determine whether the difference
between different simulated conditions as well as crimping conditions could be accentuated
when the middle ear is pressurized. It has been shown that pressurizing the middle ear can
correctly identify middle ear pathology in individuals whose middle ear condition appeared
to look normal at ambient pressure [30, 38].
Conclusion
Stapes fixation decreases energy absorbance at frequencies lower than 1000 Hz, indicating
an increased stiffness in the middle ear system. Stapedotomy changes the absorbance curve
significantly compared to the normal condition with a sharp increase of absorbance values
in the lower frequencies and a mild decrease in higher frequencies. The absorbance patterns
following stapes surgery are very similar to the patterns observed in ossicular discontinuity.
The tight crimping, loose crimping and no crimping condition did not differ from one another
with regard to absorbance. Therefore, we conclude that WAI is not useful in distinguishing
between tightly crimped, loosely crimped and uncrimped stapes prostheses following stapedotomy.
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Assessing risk of bias and reporting quality
Bias entails systematic errors in results. Biases can lead to underestimation or overestimation
of true intervention effects. It is usually impossible to know the extent to which biases have
affected study results of a particular study and therefore we consider risk of bias. More rigorous
studies with less risk of bias are more likely to generate results that are closer to the truth. Many
tools and checklists have been developed for assessing risk of bias of studies. Some of these
tools score various items and combine these to give a summary score, whereas others are merely
checklists. The Cochrane Collaboration explicitly discourages the use of scoring systems
for assessing risk of bias [1]. Calculating a summary score inevitably involves assigning
weights to the items in the scale. It is difficult to justify the assigned weights. Furthermore,
these tools often contain items that are unrelated to bias, for example, whether the study
population was adequately described or whether a sample size calculation was carried out
[1]. In the two systematic reviews in this thesis (Chapter 2 and Chapter 3), we did not calculate
summary scores. We did, however, assign a higher weight to the item “completeness of
data” than the other items in Chapter 2. As recommended by the Cochrane Collaboration,
we later abandoned the practice of assigning weights to specific items (Chapter 3).
The studies included in the two systematic reviews are characterized by a moderate to high
risk of bias and small therapeutic effects (Chapter 2 and Chapter 3). Small therapeutic
effects are hard to distinguish from study biases. When treatment effects and biases are of
similar magnitude, the validity of the study results is questionable [2]. For treatment studies,
randomization method, allocation concealment, blinding of patients and clinicians,
standardization of treatment and outcome estimation and completeness of outcome data
can modify effect estimates [1]. This is particularly true for studies with subjective outcomes
[3]. Effect estimates seem exaggerated by 17% in studies with an inadequate or unclear
method of randomization, by 15% in studies with inadequate or unclear allocation concealment and by 22% in studies with inadequate or unclear blinding [3]. Unfortunately,
adequate randomization, concealed allocation and blinding are rarely achieved in otorhinolaryngological research [4].
Inadequate reporting of methods can severely hinder quality assessment. Quality of reporting
and methodological quality are associated, but not necessarily equivalent [5]. Similar quality
of reporting may hide important differences in methodological quality between studies
and well-conducted studies may be reported badly [5, 6]. Although reporting quality
has improved, it still remains below an acceptable level [7]. In the field of otorhinolaryngology, particularly blinding of patients and clinicians, and completeness of outcome
data are reported poorly [4]. Quality of reporting is higher in articles published in general
medical journals with higher impact factors compared to articles published in otorhinolaryngological journals [4, 8, 9]. General medical journals with higher impact factors
usually have stricter reporting rules and guidelines. Authors are often requested to
complete checklists such as the CONSORT checklist for randomized controlled trials
and the STROBE checklist for observational studies [10, 11]. Publishers should adopt
and implement such checklists and researchers should adhere to these checklists.
When including studies based on the risk of bias assessment, there is a trade-off between risk
of bias and precision. A systematic review including all eligible studies regardless of their
risk of bias may produce a result with high precision, but may be seriously biased. On the other
hand, including only studies with low risk of bias may produce a result that is unbiased but

128

DISCUSSION

imprecise. Ideally, studies with high risk of bias are given a reduced weight in meta-analyses
compared to studies with low risk of bias. However, statistical methods combining the results
of studies with low and high risk of bias are not sufficiently well developed to allow such an
approach [1]. Therefore, risk of bias assessments can be incorporated in systematic reviews
by restricting the analyses of study results to studies with low (or lower) risk of bias or by
stratifying studies according to risk of bias [1]. In Chapter 2 we decided to restrict inclusion
to studies with low to moderate risk of bias, whereas in Chapter 3 we included all studies
for data extraction and analyses because none of the included studies were characterized by
low risk of bias. Risk of bias assessment tables as well as summaries of the risk of bias across
studies were reported in both reviews, thereby allowing the incorporation of the risk of bias
assessment in the interpretation of overall results and conclusions. In future systematic
reviews, we may incorporate the risk of bias assessment into the statistical analysis by
performing a sensitivity analysis [1, 12].
Sample size
Stapedotomy is a highly successful surgery with success percentages of primary surgery
ranging between 70 and 95% [13, 14]. There is not a lot of room for improvement and it is
not surprising that differences are relatively small and statistical significance is not reached
in the majority of studies included in the two systematic reviews (Chapter 2 and Chapter 3).
For example, a sample size of 413 patients per group is needed to detect a 2 dB difference
in postoperative air-bone gap improvement [15]. A sample size of 202 patients per group
is needed to detect a 10% difference in success with an alpha of 0.05 and a power of 80%
(Chapter 2).
An individual patient data meta-analysis could provide more insight in the effects of, for
example, prosthesis shaft diameter and crimping method on hearing results. Instead of
extracting data from the study articles, original research data for each patient is sought
directly from the authors of appropriate study articles. These data can be re-analyzed and
combined in meta-analyses. There are numerous potential benefits of using individual patient
data for a meta-analysis, including the increased statistical power, standardization of reported
outcomes and follow-duration and the option of performing multivariable analyses [16, 17].
Increasing statistical power is particularly interesting for rare outcomes, such as postoperative
sensorineural hearing loss, and for detecting small differences in hearing outcomes such as
the percentage of postoperative air-bone gap closure to 10 dB or less [15, 18]. Furthermore,
results from unpublished studies can be added thereby reducing the risk of publication bias.
Such an approach requires the collaboration of researchers and the data has to be available.
The individual patient data approach is not feasible when researchers do not wish to
collaborate or patient data have been destroyed or lost.
Outcome measures
Uniformity in reporting hearing outcomes is critical for data comparison between studies
and pooling of data in meta-analysis. In 1995, the American Academy of Otolaryngology –
Head and Neck Surgery (AAO-HNS) published guidelines on minimal reporting standards for
evaluating hearing outcomes in conductive hearing loss [19]. These guidelines recommend
reporting the mean, standard deviation and range of the postoperative air-bone gap as well
as the mean change in the air-bone gap. Should the researcher wish to do so, air-bone gaps
may also be presented in categories. The guideline committee advises using the following
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categories: 0 to 10 dB, 11 to 20 dB, 21 to 30 dB and more than 30 dB. The guidelines
significantly improved the quality of reported data on hearing outcomes, but they were not
able to adequately describe the diversity of hearing outcomes that we encounter clinically
[20]. A new reporting standard was therefore published in 2012 [20]. In addition to
reporting changes in air-bone gaps, a scattergram relating average air-conduction threshold
to word recognition score should be reported.
Both guidelines recommend the use of pure-tone audiometric thresholds and/or speech
discrimination scores, which both have traditionally been used to report postoperative
hearing results. These measures are useful in assessing surgical success and the (monaural)
ability to detect sounds or speech. However, surgeons and patients may perceive surgical
success differently. Adequate audibility of sounds and speech does not always ensure effortless
listening [21] and a continued high level of listening effort can negatively impact quality of
life over time [22-24]. To date, listening effort has been measured using physiological measures,
behavioral measures and patient-reported measures. The latter includes disease-specific
questionnaires and generic questionnaires of workload performance and quality of life.
Patient-reported outcome measures are used in clinical practice and research to gain insight
from the patient’s perspective regarding their disability symptoms and how their disability
and its treatment affect their lifestyle and quality of life [25].
Audiometric and patient-reported hearing outcome measures do not always seem to correlate
well in otosclerosis patients after stapes surgery [26-30]. Experienced hearing disability
seems to correlate more strongly with mental health and health-related quality of life than
with pure-tone audiometric thresholds and speech recognition scores [28]. It is especially
interesting that patient-reported outcomes specifically do not correlate well with the postoperative air-bone gap or change in the air-bone gap [27-29], which are the outcome measures
that, according to the AAO-HNS guidelines, we should preferably report when describing
changes in conductive hearing loss. It would be interesting to know which pure-tone audiometric measurement correlates most strongly with patient-reported quality of hearing or
quality of life in otosclerosis patients undergoing stapes surgery. Our group wishes to answer
this question as part of a trial on day-case versus inpatient stapes surgery for otosclerosis [31].
A systematic literature review concerning hearing outcome measures demonstrated that
more than 50 different patient-reported questionnaires have been used in 122 studies
researching hearing loss in adults [32]. Only 16 questionnaires were used in two or more
studies. The questionnaire that was used most frequently, the Hearing Handicap Inventory
for the Elderly, was used in seven different studies. So far, none of these questionnaires have
been validated in a population of otosclerosis patients. There is one questionnaire that was
not mentioned in this literature review that has been validated in a population of otosclerosis
patients undergoing stapes surgery [33]. This questionnaire has been validated for use in the
German language and culture only. In order to advance otosclerosis research and implement
patient-reported outcome measures in our research projects, existing questionnaires should
be translated to the Dutch language and properly validated in a Dutch population of
otosclerosis patients undergoing stapes surgery.
One-go procedure
Stapedotomy is a challenging procedure characterized by narrow field exposure through a
speculum in the outer ear canal and involvement of fragile structures, that is, the ossicular
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chain, oval window membrane and inner ear. In experienced hands, primary stapedotomy
yields excellent results with success achieved in 95% of cases [14]. Success and complications
vary with surgical experience [34]. In training centers, success percentages are significantly
lower [34, 35]. Several surgeons have therefore questioned whether stapes surgery should
be part of residency programs [36, 37]. Others believe stapes surgery can be safely taught to
residents when they are closely supervised and adequately trained [34, 38]. Temporal bone
dissection courses, practice in temporal bone laboratories or training in animal models or
3D-printed temporal bone models may be used in teaching stapes surgery to residents [3941]. These models can be modified to simulate difficult surgical scenarios, such as a narrow
oval window or incus necrosis. As such, they will prepare residents for clinical training and
they might shorten their learning curve.
The estimated learning curve for stapes surgery is between 40 and 80 cases [42, 43]. In an
attempt to improve success rates and diminish the incidence of complications, numerous
technical modifications have been adopted in the last few decades. Most surgeons now perform
stapedotomies instead of stapedectomies and use a laser to fenestrate the stapes footplate
instead of microdrills or manual perforators. Furthermore, prostheses have evolved from
manually crimped prostheses to prostheses that do not require crimping and heat-crimped
prostheses. The enhancements have been thought to simplify the procedure [35]. The use of
a heat-crimped prosthesis even seems to avoid the learning curve effect [44].
In experienced hands, revision stapes surgery is associated with a 63% success rate [45]. The
same surgeon achieves success in 95% of primary stapedotomy cases [14]. This would suggest
that stapes surgery is a one-go procedure where you only get one good chance. It is for this
reason that Fisch states that stapes surgery should not be performed occasionally and if
unexpected difficult conditions are encountered during stapes surgery, surgeons should not
hesitate to close up and refer the patient to someone more experienced [46].
Individualized patient care
We humans are all unique and therefore most treatments are not “one size fits all”. Personalized
medicine stratifies patients into different groups based on their individual characteristics.
It allows for prediction of the individual patient’s risk of disease and response to treatment.
As such, it improves our ability to diagnose diseases at an earlier stage and tailor treatment.
Tailored treatment dates back to Hippocrates’ time, but has gained popularity with the growth
of new diagnostic approaches, including genome sequencing. In screening and treating cancer,
it has become well established to personalize care. Examples of personalized strategies for
cancer include targeted treatments and pharmacogenomics. Targeted treatments target specific
genes and proteins, such as therapies targeting the HER2 receptor in HER2-positive breast
cancer and hormonal therapy in ER- and PR-positive breast cancer [47-49]. Pharmacogenomics
looks at how a patient’s genetic make-up affects response to drugs. In acute lymphoblastic
leukemia, for example, patients with lower levels of the enzyme TPMT, which is responsible
for chemotherapy metabolism, receive lower doses of chemotherapy [50]. Personalized medicine
is not limited to cancer care though. Furthermore, true personalized medicine entails more
than genetics. It integrates anatomical, physiological, environmental and lifestyle data in
prediction models.
Given that stapes surgery should be considered a one-go procedure, there is no room for “trial
and error”. It is important to find out why stapes surgery does not work for a small percentage
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of patients and why some patients experience serious complications. In this thesis, we tried
to answer these two questions by reviewing the currently available literature (Chapter 2 and
Chapter 3), by evaluating the effect of one of the critical steps during stapes surgery (Chapter 6)
and by developing two prediction models (Chapter 4 and Chapter 5). To further individualize
otosclerosis care, future research should focus on individual patient data meta-analysis and
we should use these data to adjust and update the two prediction models presented in this
thesis. Since otosclerosis surgery is rarely standardized and technical variations and capabilities
are common between surgeons, future research preferably includes the results of multiple
surgeons instead of just a single, very experienced surgeon. Success and complications are
bound to vary between surgeons and such research may therefore identify professionals that
should exclusively perform revision stapes surgery. This may be a delicate matter, but we
should keep in mind that you only get one good chance in stapes surgery to achieve the
optimal result for the patient. Even in experienced hands, revision stapes surgery is associated
with much lower success rates compared to primary stapes surgery. In personalizing otosclerosis
care, the surgeon variable should not be kept out of the equation.
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Summary
Otosclerosis is a localized hereditary disorder that affects bone growth in the otic capsule.
It is characterized by a disordered resorption and deposition of abnormal sponge-like bone.
Otosclerotic foci are sharply demarcated from the surrounding bone and most commonly
involve the fissula ante fenestram; the area just anterior to the oval window [1, 2]. Sounds are
incompletely transferred via the ossicular chain due to fixation of the stapes footplate in the
oval window niche and partly fail to reach the cochlea resulting in a conductive hearing loss.
Otosclerosis can be treated conservatively using hearing aids or surgically. Traditionally, the
stapes footplate was merely mobilized or it was removed completely in a procedure called
stapedectomy. Mobilization and stapedectomy have been replaced by stapedotomy because
it carries less risk of inner ear damage, prosthesis migration and lateral displacement of the
oval window membrane [3]. In stapedotomy, the stapes arch is removed and a small fenestration
is made in the stapes footplate using manual perforators, a microdrill or a laser. A prosthesis
is placed between the incus and the fenestration in the stapes footplate. Reported success
percentages of primary stapedotomy, defined as air-bone gap closure to 10 dB or less, range
between 72 and 94% [4-6]. In an attempt to further improve postoperative hearing results, a
myriad of different prostheses has been developed since the introduction of stapes surgery
for otosclerosis. Shape, size and type of material have been the main focus in developing and
enhancing prostheses. Prosthesis shaft diameter and crimping technique are two such qualities
that have been the subject of research for the last few decades.
Commercially available prosthesis shaft diameters range from 0.3 up to 0.8 mm. Smallerdiameter pistons are generally considered safer whereas larger-diameter pistons may be
associated with better hearing outcomes [7-10]. Careful evaluation of the available literature
revealed 12 cohort studies with moderate risk of bias on this topic (Chapter 2). Success,
defined as air-bone gap closure to 10 dB or less, was assessed in six studies [11-16]. The
majority of these studies showed neither a statistically significant difference nor a clinically
relevant difference between two prostheses with a different diameter piston. Differences that
were found in these six studies were not consistently in favor of smaller-diameter pistons or
larger-diameter pistons. One study reached statistical significance and this study favored the
use of a larger-diameter piston with a difference in success of 31% [13]. Mean postoperative
air-bone gap ranged from 3 dB in favor of a smaller-diameter piston to 3 dB in favor of a largerdiameter piston across four studies [14-17]. One study showed a statistically significant difference
in mean postoperative air-bone gap of 2 to 3 dB in favor of a larger-diameter piston [15].
The other three studies did not reach statistical significance. Permanent sensorineural
hearing loss occurred infrequently and did not occur more often using a larger-diameter piston
[12-16, 18-20].
The effects of different prosthesis shaft diameters on round window velocities were also evaluated
in three temporal bones (Chapter 6). Following immobilization of the stapes footplate with
coral glue, a standard stapedotomy was performed. The stapes footplate was fenestrated using
a drill. The fenestration size was slightly larger than the piston diameter. Causse Large Loop
prostheses with 0.4-, 0.6- and 0.8-mm-diameter pistons were positioned between the incus
and stapes footplate fenestration. Eight sets of measurements were performed: (1) normal
condition (mobile stapes), (2) stapes fixation and stapedotomy followed by insertion of (3) a
0.4-mm-diameter piston in a 0.5-mm-diameter fenestration, (4) a 0.4-mm-diameter piston
in a 0.7-mm-diameter fenestration, (5) a 0.4-mm-diameter piston in a 0.9-mm-diameter fenestration,
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(6) a 0.6-mm-diameter piston in a 0.7-mm-diameter fenestration, (7) a 0.6-mm-diameter
piston in a 0.9-mm-diameter fenestration and (8) a 0.8-mm-diameter piston in a 0.9-mmdiameter fenestration. We assessed the effect of piston diameter by comparing the placement
of a 0.4-, 0.6- and 0.8-mm-diameter piston in a 0.9-mm-diameter fenestration. At midrange
frequencies, between 500 and 4000 Hz, round window velocities increased by 2 to 3 dB using a
0.6-mm-diameter piston compared to a 0.4-mm-diameter piston. The use of a 0.8-mm-diameter
piston led to a further increase in round window velocities of 2 to 4 dB. Fenestration size did
not affect round window velocity when comparing a 0.5-, 0.7- and 0.9-mm-diameter fenestration
with the placement of a 0.4-mm-diameter piston in each of these fenestrations.
Coupling or crimping the prosthesis onto the incus is another critical step during stapes
surgery. Prostheses can be crimped to the incus in various fashions. Some prostheses do
not require crimping at all whereas others are crimped using manual force or heat. Manual
crimping is considered to be technically more difficult and may lead to higher rates of incus
necrosis due to malcrimping [21-24] whereas heat crimping may cause vaporization of blood
vessels resulting in incus necrosis [25]. In a systematic literature search, 22 studies with
moderate or high risk of bias were identified that evaluated the effect of different crimping
techniques on hearing outcomes (Chapter 3). The differences in success and mean postoperative air-bone gap were not consistently in favor of one crimping method. However, the
differences that were statistically significant were consistently in favor of heat crimping over
manual and no crimping [26-30]. The differences in success ranged between 22 and 42%
[26-28], and the differences in mean postoperative air-bone gap between 3.6 and 7.4 dB in
favor of heat crimping over manual crimping [26-28]. Heat crimping favored no crimping
with a 53% difference in success and a 9 dB difference in mean postoperative air-bone gap
[30]. Furthermore, the differences that were statistically significant were consistently in favor
of manual crimping over no crimping with a 30% difference in success [30] and a difference
in mean postoperative air-bone gap between 2.7 and 6.0 dB [15, 30, 31]. Sensorineural hearing
loss occurred sporadically in one or two cases per study and risk differences were neither
statistically significant nor clinically relevant [14, 23, 26, 29, 31-34].
A substantial number of patients requires revision stapes surgery because they suffer from
a recurrent or residual conductive hearing loss or complaints of vertigo following primary
stapes surgery. Surgical outcomes of revision stapes surgery are far less favorable than those
of primary stapes surgery with reported success percentages ranging between 40 and 80%
[35-40]. Furthermore, revision stapes surgery is associated with a relatively high risk of postoperative sensorineural hearing loss of 1 to 8% [35-40]. So far, we have not been able to
accurately predict which patients will perform well after revision stapes surgery and which
patients will not. Prediction models could assist the surgeon in selecting patients for revision
surgery, anticipating surgical findings and estimating realistic hearing expectations for better
patient counseling. An internally validated prediction model for success at two- to six-months
follow-up was developed in a prospective cohort of 705 revision stapes surgeries (Chapter 4).
Previous surgical technique, primary cause of failure leading up to revision stapes surgery
and type of the prosthesis placed during revision surgery were associated with treatment success
and were used to derive a clinical prediction rule. The clinical prediction rule performed
moderately well in the original dataset with an area under the receiver operating curve of
0.73 and an explained variance of 22%, and moderately following internal validation with an
area under the receiver operating curve of 0.69 and an explained variance of 13%. Previous
partial and total stapedectomy were negative factors for success compared to previous
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stapedotomy with vein graft interposition. Previous stapedotomy without vein graft interposition
and no previous surgical technique were positive factors for success compared to previous
stapedotomy with vein graft interposition. Prosthesis dislocation and malleus-incus ankylosis
as primary causes of failure were positive factors for success compared to incus erosion,
while other primary causes of failure, including a prosthesis that is too short or too long,
an incomplete previous surgery, incus dislocation, stapes or prosthesis (re)fixation, and the
absence of pathology, were negative factors for success. Compared to the use of incus to oval
window prosthesis, all other types of prostheses were negative factors for success.
In Chapter 5 we present a similar model, predicting sensorineural hearing loss following revision
stapes surgery. In a prospective cohort of 927 revision stapes surgeries, we developed an
internally validated prediction model for postoperative sensorineural hearing loss at first
follow-up. Preoperative presence of vertigo, presence of oval window obliteration and type
of the prosthesis placed during revision surgery were associated with postoperative sensorineural
hearing loss. These predictors were used to derive a clinical prediction rule. The prediction
rule performed poorly in the original dataset with an area under the receiver operating curve
of 0.60 and an explained variance of 4%, and following internal validation with an area under
the receiver operating curve of 0.59 and an explained variance of 1%. Therefore, we feel the
clinical prediction rule should not be used in daily clinical practice.
Loose wires or dislocated prostheses are frequently encountered during revision stapes surgery
and are frequently the primary cause of recurrent or residual conductive hearing loss following
stapes surgery [40-42]. Optimal fixation of the prosthesis to the incus is essential for effective
sound transmission, as well as for minimizing unpleasant sound distortion [43]. Loose crimping
and no crimping of the prosthesis onto the incus may lead to sound transmission losses of 5
dB in high frequencies and 10 dB in low frequencies [26]. Prosthesis dislocation as primary
cause of failure is a positive factor for success compared to other primary causes of failure
(Chapter 4). A diagnostic test that accurately assesses crimping status following stapes surgery
may be helpful in diagnosing the primary cause of failure before revision surgery and thus in
preoperative counseling of patients. We investigated the role of wideband acoustic immitance
measurements in assessing crimping status following stapedotomy in six temporal bones
(Chapter 7). Measurements were obtained using the Mimosa Active HearID system. The stapes
footplate was immobilized using coral glue, after which a standard stapedotomy was performed.
The stapes footplate was fenestrated using a drill. The fenestration size was approximately
0.5 mm. A 0.4-mm-diameter Kurz titanium K-piston was positioned between the incus and
stapes footplate fenestration. Five sets of measurements were performed: (1) normal condition
(mobile stapes), (2) stapes fixation and stapedotomy followed by insertion of a (3) tightly
crimped prosthesis, (4) a loosely crimped prosthesis and (5) a prosthesis that was not crimped
at all. At lower frequencies, up to 1000 Hz, stapes fixation decreased absorbance. Compared
to the baseline absorbance with a mobile stapes, absorbance with stapes fixation dropped by
6 to 17% in absolute terms. Absorbance was not affected in higher frequencies. Stapedotomy
changed the absorbance curve significantly compared to the normal condition with an increase
of absolute absorbance values by 8 to 32% at 250 to 1000 Hz. The crimping conditions did
not differ from one another. These results suggest that wideband power reflectance measurements
are not useful clinically to distinguish between tightly crimped, loosely crimped and uncrimped
stapes prostheses after stapedotomy.
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Samenvatting
Otosclerose is een gelokaliseerde, erfelijke aandoening die het bot van het labyrintkapsel
aantast en wordt gekenmerkt door een verstoorde resorptie en afzetting van abnormaal
sponsachtig bot. Otosclerotische haarden zijn goed te onderscheiden van het gezonde bot
en bevinden zich meestal ter plaatse van de fissula ante fenestram; het gebied net voor het
ovale venster [1, 2]. Als de stapesvoetplaat in de ovale vensternis gefixeerd wordt door deze
haarden, worden geluiden onvolledig voort geleid door de gehoorbeenketen naar de cochlea.
Het resultaat is een luchtgeleidingsgehoorverlies.
Otosclerose kan conservatief behandeld worden met behulp van hoortoestellen, of met een
operatie. Van oudsher werd de stapesvoetplaat alleen gemobiliseerd of werd de stapesvoetplaat
volledig verwijderd in een procedure die stapedectomie heet. Mobilisatie en stapedectomie
zijn inmiddels vervangen door stapedotomie. Bij een stapedotomie wordt de bovenbouw van
de stapes verwijderd en wordt een kleine fenestratie in de stapesvoetplaat gemaakt met behulp
van handmatige perforators, een microboor of een laser. Vervolgens wordt een prothese tussen
de incus en de voetplaatfenestratie geplaatst. Stapedotomie gaat in vergelijking met stapedectomie
gepaard met een lager risico op binnenoorschade, migratie van de prothese en laterale verplaatsing van het ovale venstermembraan [3]. Gerapporteerde succespercentages van primaire
stapedotomie liggen tussen 72 en 94% [4-6]. In een poging de postoperatieve gehoorresultaten te verbeteren, is een groot aantal verschillende protheses ontwikkeld sinds de introductie
van stapeschirurgie voor otosclerose. Vorm, maat en materiaalsoort zijn de belangrijkste parameters
geweest bij het ontwikkelen en verbeteren van stapesprotheses. De diameter van de prothese en
de krimptechniek zijn, onder andere, onderwerp van onderzoek geweest in de afgelopen decennia.
De protheseschachtdiameter varieert van 0,3 tot 0,8 mm. Protheses met een kleinere diameter
worden als veiliger beschouwd, terwijl protheses met een grotere diameter geassocieerd
worden met betere gehoorresultaten [7-10]. Evaluatie van de beschikbare literatuur bracht
12 cohortstudies aan het licht met een matig risico op bias over dit onderwerp (Hoofdstuk 2).
Succes, gedefinieerd als een air-bone gap sluiting tot 10 dB of minder, werd in zes studies
beoordeeld [11-16]. De meerderheid van deze studies toonde noch een statistisch significant
verschil, noch een klinisch relevant verschil tussen twee protheses met een verschillende
schachtdiameter. De verschillen die gevonden werden in deze zes studies waren niet
consequent in het voordeel van protheses met een kleinere diameter of protheses met een
grotere diameter. In één studie werd statistische significantie bereikt. Deze studie toonde een
verschil van 31% in het voordeel van een prothese met een grotere diameter [13]. De gemiddelde
postoperatieve air-bone gap werd in vier studies geëvalueerd en varieerde van 3 dB ten gunste
van een prothese met een kleinere diameter tot 3 dB ten gunste van een prothese met een
grotere diameter [14-17]. Eén onderzoek toonde een statistisch significant verschil van 2 tot
3 dB in het voordeel van een prothese met een grotere diameter [15]. De overige drie studies
bereikten geen statistische significantie. Permanent perceptief gehoorverlies trad zelden op en
kwam niet vaker voor wanneer protheses met een grotere diameter gebruikt werden [12-16,
18-20].
Het effect van verschillende protheseschachtdiameters op het gehoor hebben we ook onderzocht in drie rotsbeenderen (Hoofdstuk 6). De stapesvoetplaat werd gefixeerd in deze rotsbeenderen met behulp van koraallijm. Vervolgens werd een standaard stapedotomie uitgevoerd.
De stapesvoetplaat werd met behulp van een microboor gefenestreerd. De fenestratiegrootte
was iets groter dan de prothesediameter. Er werden Causse Large Loop protheses met een
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schachtdiameter van 0,4, 0,6 en 0,8 mm tussen de incus en de voetplaatfenestratie geplaatst.
Er werden acht metingen verricht in ieder rotsbeen: (1) mobiele stapes, (2) gefixeerde stapes
en stapedotomie gevolgd door insertie van (3) een 0,4 mm prothese in een 0,5 mm fenestratie,
(4) een 0,4 mm prothese in een 0,7 mm fenestratie, (5) een 0,4 mm prothese in een 0,9 mm
fenestratie, (6) een 0,6 mm prothese in een 0,7 mm fenestratie, (7) een 0,6 mm prothese in
een 0,9 mm fenestratie en (8) een 0,8 mm prothese in een 0,9 mm fenestratie. We hebben
het effect van prothesediameter onderzocht door een 0,4, 0,6 en 0,8 mm prothese in een 0,9
mm fenestratie met elkaar te vergelijken. In de middenfrequenties, tussen 500 en 4000 Hz,
namen de snelheden van de ronde venstervibraties met 2 tot 3 dB toe bij het gebruik van
een 0,6 mm prothese in vergelijking met een 0,4 mm prothese. Het gebruik van een 0,8 mm
prothese leidde tot een verdere toename van 2 tot 4 dB. Het effect van fenestratiegrootte werd
onderzocht door een 0,5, 0,7 en 0,9 mm fenestratie met elkaar te vergelijken met de plaatsing
van een 0,4 mm prothese in elk van deze fenestratiegroottes. Fenestratiegrootte had geen
invloed op de snelheden van de ronde venstervibraties.
Het koppelen of krimpen van de prothese op de incus is een cruciale stap tijdens stapeschirurgie.
Protheses kunnen op verschillende manieren op de incus bevestigd worden. Sommige protheses
hoeven überhaupt niet aan de incus gekrimpt te worden, terwijl andere protheses handmatig
gekrimpt worden of met behulp van hitte. Handmatig krimpen wordt technisch moeilijker
geacht en kan leiden tot incus necrose [21-24]. Krimpen door middel van hitte kan leiden
tot verdamping van de bloedvaatjes van de incus en op deze manier ook resulteren in incus
necrose [25]. In een systematisch literatuuronderzoek werden 22 studies geïdentificeerd,
met een matig tot hoog risico op bias, die het effect van verschillende krimptechnieken op
gehoor evalueerden (Hoofdstuk 3). De gerapporteerde verschillen in succes en gemiddelde
postoperatieve air-bone gap waren niet consequent in het voordeel van één krimpmethode.
De verschillen die statistisch significant waren, waren echter wel consistent ten gunste van
krimpen door middel van hitte vergeleken met handmatig krimpen en niet krimpen [26-30].
De verschillen in succes varieerden van 22 tot 42% [26-28] en de verschillen in gemiddelde
postoperatieve air-bone gap van 3,6 tot 7,4 dB ten gunste van krimpen door middel van hitte
in vergelijking met handmatig krimpen [26-28]. Krimpen door middel van hitte resulteerde
in een hoger succespercentage met een verschil van 53% en een lagere postoperatieve air-bone
gap met een verschil van 9 dB ten opzichte van niet krimpen [30]. De statistisch significante
verschillen waren ook in het voordeel van handmatig krimpen ten opzichte van niet krimpen
met een verschil van 30% in succes en een verschil van 2,7 tot 6,0 dB in postoperatieve air-bone
gap [15, 30, 31]. Perceptief gehoorverlies trad slechts sporadisch op en risicoverschillen
waren niet statistisch significant en ook niet klinisch relevant [14, 23, 26, 29, 31-34].
Een aanzienlijk aantal patiënten heeft last van een terugkerend of resterend luchtgeleidingsverlies of duizeligheidsklachten na primaire stapeschirurgie. Deze patiënten komen in aanmerking voor revisie stapeschirurgie. De chirurgische uitkomsten van revisie stapeschirurgie
zijn veel minder gunstig dan die van primaire stapeschirurgie met gerapporteerde succespercentages tussen 40 en 80% [35-40]. Bovendien is revisie stapeschirurgie geassocieerd met
een relatief hoog risico op postoperatief perceptief gehoorverlies van 1 tot 8% [35-40]. We
kunnen vooralsnog niet goed voorspellen welke patiënten baat hebben bij revisie stapeschirurgie.
Predictiemodellen kunnen de chirurg helpen bij het selecteren van patiënten voor revisiechirurgie,
het anticiperen op chirurgische bevindingen en het inschatten van realistische gehooruitkomsten. We ontwikkelden een intern gevalideerd predictiemodel voor succes na een followup duur van twee tot zes maanden in een prospectief cohort van 705 revisieoperaties (Hoofdstuk 4).
De voorgaande chirurgische techniek, de hoofdoorzaak van falen van de eerdere ingreep en
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het type prothese dat tijdens de revisieoperatie geplaatst werd, waren geassocieerd met
behandelsucces. Deze voorspellers werden gebruikt om een klinische predictieregel op te
stellen. De predictieregel presteerde redelijk goed in de oorspronkelijke dataset met een area
under the receiver operating curve (AUC) van 0,73 en een verklaarde variantie van 22%, en
matig na interne validatie met een AUC van 0,69 en een verklaarde variantie van 13%. Een
voorgaande partiële stapedectomie en voorgaande totale stapedectomie waren negatieve
voorspellers voor succes in vergelijking met een voorgaande stapedotomie met interpositie
van een venelapje. Een voorgaande stapedotomie zonder interpositie van een venelapje en
geen voorgaande chirurgische techniek (met andere woorden: een voorgaande middenoorinspectie) waren positieve voorspellers voor succes in vergelijking met een voorgaande
stapedotomie met interpositie van een venelapje. Dislocatie van de eerder geplaatste prothese
en malleus-incus ankylose als hoofdoorzaak voor falen waren positieve voorspellers in
vergelijking met incus erosie, terwijl een te korte of te lange prothese, een onvolledige eerdere
operatie, dislocatie van de incus, stapes- of prothese(her)fixatie en de afwezigheid van
pathologie, negatieve voorspellers waren voor succes. Vergeleken met het gebruik van een
incus-tot-ovale vensterprosthese waren alle andere soorten protheses negatieve voorspellers
voor succes.
In Hoofdstuk 5 presenteren we een vergelijkbaar model dat perceptief gehoorverlies na revisie
stapeschirurgie voorspelt. We ontwikkelden een intern gevalideerd predictiemodel voor
postoperatief perceptief gehoorverlies tijdens het eerste follow-up moment in een prospectief
cohort van 927 revisieoperaties. Preoperatieve aanwezigheid van vertigo, obliteratie van de
ovale vensternis en het type prothese dat tijdens de revisieoperatie geplaatst werd, waren
geassocieerd met postoperatief perceptief gehoorverlies. Deze voorspellers werden gebruikt
om een klinische predictieregel op te stellen. De predictieregel presteerde slecht in de oorspronkelijke dataset met een AUC van 0,60 en een verklaarde variantie van 4%, en slecht
na interne validatie met een AUC van 0,59 en een verklaarde variantie van 1%. Om deze
reden raden wij het gebruik van deze predictieregel in de dagelijkse klinische praktijk af.
Optimale bevestiging van de prothese aan de incus is essentieel voor een effectieve geluidsoverdracht en voor het minimaliseren van onaangename geluidsvervorming [43]. Loszittende protheses leiden tot verliezen in de geluidsoverdracht van 5 dB in de hoge frequenties
tot 10 dB in de lage frequenties [26]. Losgeraakte of ontwrichte protheses worden regelmatig aangetroffen tijdens revisieoperaties en zijn vaak de hoofdoorzaak van een terugkerend of resterend gehoorverlies na stapeschirurgie [40-42]. Dislocatie van de prothese als
hoofdoorzaak voor falen is bovendien een positieve voorspeller voor succes in vergelijking
met andere hoofdoorzaken voor falen (Hoofdstuk 4). Een diagnostische test die nauwkeurig
de krimpkwaliteit kan beoordelen na stapeschirurgie is nuttig in het preoperatief vaststellen
van de hoofdoorzaak van falen en de preoperatieve counseling van patiënten die revisiechirurgie overwegen. We onderzochten de rol van wideband acoustic immitance metingen
bij het bepalen van krimpkwaliteit na stapedotomie in zes rotsbeenderen (Hoofdstuk 7). De
metingen werden uitgevoerd met behulp van het Mimosa Active HearID systeem. De stapesvoetplaat werd gefixeerd in de rotsbeenderen met behulp van koraallijm. Vervolgens werd een
standaard stapedotomie uitgevoerd. De stapesvoetplaat werd met behulp van een microboor
gefenestreerd. De fenestratiegrootte was ongeveer 0,5 mm. Er werd een Kurz titanium K-piston
met een schachtdiameter van 0,4 mm tussen de incus en de voetplaatfenestratie geplaatst. Er
werden vijf metingen verricht in ieder rotsbeen: (1) mobiele stapes, (2) gefixeerde stapes en
stapedotomie gevolgd door insertie van (3) een nauwsluitende prothese, (4) een nauwelijks
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gekrimpte prothese en (5) een prothese die überhaupt niet gekrimpt werd. In de lagere
frequenties, tot 1000 Hz, verminderde stapesfixatie de absorptie. Stapesfixatie leidde tot een
afname van de absorptie van 6 tot 17% ten opzichte van een mobiele stapes. De absorptie
veranderde niet significant in de hogere frequenties. De absorptiecurve veranderde significant
na het verrichten van een stapedotomie in vergelijking met een mobiele stapes. De absorptie
nam met 8 tot 32% toe bij 250 tot 1000 Hz. De krimpkwaliteit was niet van invloed op de
absorptiecurve. Dit suggereert dat wideband acoustic immitance metingen niet bruikbaar zijn
bij het onderscheiden van goed bevestigde protheses en loszittende of losgeraakt protheses.
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