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CHAPTER 1

22q11.2 DELETION SYNDROME

22q11.2 deletion syndrome (22g11DS) is a genetic disorder caused by a microdeletion
on the long arm of chromosome 22, band 11, subband 22.22 In the 1990's when genetic
testing became more commonly applied, different clinical syndromes, including
DiGeorge syndrome and velocardiofacial syndrome, were found to be caused by the
same genetic anomaly.®>=® Subsequently, these different syndromes were combined
to one, 22ql1DS. 22qllDS is the most common microdeletion syndrome. It is
estimated to occur in 1in 3000-6000 live births, although this might be a conservative
estimation.28’

Approximately 85% of 22q11DS patients have a typical 3 million base pair (Mb)
deletion, which affects the same genetic region. On the 22qgl1.2 region four low
copy repeats (LCR) blocks are identified, LRC22A, LRC22B, LRC22C and LRC22D.
Low copy repeats or segmental duplications are segments of DNA which are highly
identical. During meiosis LCRs may cause genetic rearrangements leading to deletion,
duplication or inversion. In the 22g11.2 region, a deletion is mostly prevalent, but a
22q11.2 duplication can also occur. The typical 3Mb deletion in 22q11DS extends from
LRC22A — LRC22D. Smaller atypical nested deletions can also be present in patients
with 22g11DS (Figure 1).%28

FISH probes
Chr22 19,000,000 119,500,000 20,000,000 20,500,000 21,000,000 zxso‘o‘ooo
LN25 ]
4 LCR22A -m LCR228 LCR22C LCR22D
DGCR2 HIRA TBX1 COMT RTN4R CRKL HIC2
DGCR6 DGCR14  MRPL40 GNBIL DGCRS DGCR6L MED15
TSSK2 C220rf39 C220rf29  TRMT2A ZNF74 PI4KA  AIFM3
GSC2 UFDIL TXNRD2 mir-4761* mir-1286*  [SAIEA SERPIND1 LZTR1
CDC45 ARVCF UsP41 KLHL22 THAP?

CLTCL1 CLDN5S
SEPTS [elgll:]

TANGO2  LOC101927859
mir-185* mir-6816*
RANBP1
ZDHHC8
CCDC188
LINC00896*
mir-1306* mir-3618*
Typical, LCR22A-LCR22D, 3 Mb
LCR22A-LCR22B, 1.5 Mb
LCR22A-LCR22C, 2 Mb
LCR22B-LCR22D, 1.5 Mb

P2RX6
SLC7A4
mir-649*
LRRC748

LCR22C-LCR22D, 0.7 Mb

Figure 1. The 22ql1.2 region, with the typical (LCR22A — LCR22D) and atypical deletions in
22911DS.
Adopted from McDonald-McGinn et al. 22g11.2 deletion syndrome. Nat Rev Dis Primers. 2015 Nov 19;1:15071
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GENERAL INTRODUCTION

Previously, 229g11DS was diagnosed with fluorescence in situ hybridization (FISH),
however this tool only detects deletions located on LCR22A-B, missing smaller more
distal nested deletions. Therefore, more accurate genetic tests, including multiplex
ligation-dependent probe amplification (MLPA), have become more commonly used.
90% of the deletions in patients with 22q11DS occur de novo.?

The 22gl11.2 microdeletion can cause many different deformities; over 180
manifestations have been described.® Interestingly, clinical manifestations vary greatly
among patients. The clinical diversity is also present in the typically deleted patients,
implying that there are other variables than the deletion length which play an important
role in the phenotypic expression.t?

The most important clinical features are: heart defects (~75%), including Tetralogy
of Fallot, immunodeficiency (~75%) including lower T-cell counts, hypocalcaemia
(~50%), palatal anomalies (~75%) including velopharyngeal insufficiency (~30-90%),
speech and language delay (~70%), feeding and swallowing difficulties (~30%),
orthopedic anomalies including scoliosis (~60%), genitourinary anomalies (~33%),
lower intelligence with a mean 1Q of approximately 70 and psychiatric disorders
including schizophrenia (~25%).12°-1* Regarding otorhinolaryngologic manifestations,
recurrent upper respiratory tract infections including otitis media, hearing loss,
vestibular dysfunction and airway anomalies are reported.t21314-2122-26

In the Wilhelmina Children’s Hospital (WKZ) of the University Medical Center
Utrecht (UMCU), a clinical multidisciplinary team assesses children with 22q11DS.
The team consists of a general pediatrician, plastic surgeon, dentist, speech therapist,
otorhinolaryngologist, orthopedic surgeon, psychologist and medical geneticist. Many
patients nationwide are referred to this team. The standard minimal clinical care of
patients in this 22q11DS outpatient clinic is based on international guidelines.?"?8

The ear

Hearing and balance are the two main functions for which the ear houses important
sensory organs. The peripheral auditory system and the peripheral vestibular system
will be briefly discussed.

The peripheral auditory system

In general, soundwaves travel through the outer ear canal, tympanic membrane and
middle ear to reach the cochlea, where acoustic signals trigger the auditory nerve.
The tympanic membrane separates the outer ear canal and middle ear. In the middle
ear, three hearing ossicles, the malleus, incus and stapes, conduct sound waves
to the cochlea. The stapes footplate rests on the oval window, vibrations of the
stapes footplate cause waves in the perilymph in the cochlea. As a result, the basilar
membrane vibrates and hair cells in the organ of Corti will depolarize, thus exciting
the auditory nerve. The normal human cochlea has 2.5 turns and is tonotopically

11

564555-L-bw-Verheij
Processed on: 16-9-2021 PDF page: 9



CHAPTER 1

organized, meaning that high frequency sounds are processed in the basal turn and
low frequency sounds in the apical turn. The human ear can perceive sound between
20 Hz and 20 kHz.?° An overview of the anatomy of the outer ear canal, middle ear and
inner ear is shown in Figure 2.

Semicirculair canals
Stapes

Cochlea

Malleus

External auditory canal

Tympanic

. membrane
Pinna

Round
window

Figure 2. An overview of the anatomy of the outer ear canal, middle ear and inner ear

The peripheral vestibular system

The vestibular system is an essential feature for balance, postural stability and detecting
motion. Important sources providing input to this system are vision and propriocepsis
for balance and orientation. The vestibular system consists of a central and peripheral
part. The peripheral vestibular system is part of the labyrinth and therefore continuous
with the membranes of the cochlea. It comprises five organs (Figure 3): the lateral
(or horizontal), anterior (or superior) and posterior (or inferior) semicircular canal and
two otolith organs: the utricule and saccule. The semicircular canals detect angular
accelerations. The utricule and saccule are sensitive for linear accelerations (including
gravity), the utricule for movements in the horizontal plane, the saccule for movements
in the vertical plane. The lateral, anterior and posterior semicircular canals are positioned
90 degrees in relation to each other. In this way in combination with the utricule
and saccule, they detect accelerations in all directions. All five different parts of the
peripheral vestibular system have hair cells which deflect in reaction to accelerations.
Deflections of these hair cells will trigger nerve fibers. In the semicircular canals the
hair cells are situated in the ampulla, at the end of each canal. All five organs respond
to accelerations. Therefore, when moving at a constant speed, the hair cells will show
a neutral rest activity. With regard to the vestibular system, the contralateral side has a
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GENERAL INTRODUCTION

complementary reaction to motions. For instance, an angular movement to the left in
the horizontal plane will be detected by the left lateral semicircular canal (depolarization,
deflection of the stereocilia towards the kinocilia, the kinocillia are in this canal oriented
towards the utricle) and right (hyperpolarization) lateral semicircular canal.*°

Ampulae

PSCC

Endolymphatic
sac

Figure 3. The Lateral semicircular canal (LSCC), anterior semicircular canal (ASCC), posterior
semicircular canal (PSCC), utricule and saccule. The PSCC and ASCC have a common crus.
Adopted from Al Abbasi A and Dehsyes SM. Chapter 1 introduction. The Effect Of Noise Generated By Mastoid
Drill On the Contralateral Normal Ear. 2018 doi 10.13140/RG.2.2.23266.89280

Embryology
The middle ear cavity is formed from the first pharyngeal pouch. The cavity is initially
filled with neural crest cells, which disappear first in the later hypotympanum and
mesotympanum, and then in the epitypanum, surrounding the hearing ossicles with
air. This occurs between week 12 to 32 of gestation. The malleus and incus are formed
from the first pharyngeal arch and the stapes is formed from the second arch. The
hearing ossicles ossify around 16 weeks of gestation, first the incus, then the malleus
and lastly the stapes, finishing at 26 weeks. The stapes footplate seems to originate
from both the oval window of the otocyst and from the second pharyngeal arch.
During this formation of the ossicular chain, deformities might occur leading to
congenital, non-progressive hearing loss after birth. Congenital middle ear deformities
can be classified using the Teunissen Cremers classification (Table 1). This classification
(amongst many other reported classifications) supports in decision making regarding
surgery as an option, and in predicting the surgical outcome.*
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CHAPTER 1

Table 1. Classification of congenital middle ear malformations according to Teunissen and
Cremers

Malformations
Class1 Congenital isolated stapes ankylosis
Class 2 Congenital isolated stapes ankylosis in combination with a congenital anomaly of the ossicular chain
Class 3 Congenital anomalies of the ossicular chain and at least a mobile stapes footplate
Class 4 Aplasia or severe dysplasia of the oval window or round window
Adopted from Teunissen EB, Cremers CWRJ. Classification of congenital middle ear anomalies report on 144
ears. Ann Otol Rhinol Laryngol. 1993;102(8):606-612. doi:10.1177/000348949310200807

The inner ear arises from the otocyst. At week 4 and 5 of gestation the semicircular
canals and vestibule form from the dorsal side of the otocyst. The semicircular canals
are developed one by one, first the anterior, then the posterior and lastly the lateral
canal. At week 7 the ampulla in the semicircular canals can be identified, and a cleft
is formed between the utricle and saccule. The cochlea develops from the ventral
side of the otocyst, starting from a tubular structure which rotates at week 8 and 9 of
gestation. At week 10, the cochlea has 2.5 turns. By 17 to 19 weeks of gestation, the
labyrinth has reached adult size, and in week 20 and 21 a bony ossification surrounding
the membranous labyrinth forms .33

In 22q11DS, the gene Tbx1, which is hemizygously deleted in 22q11DS patients,
could be involved in the reported inner ear malformations.3*3> In mouse studies with
mutated knockout ThxI- mice, the inner ear is absent.>®%” In addition, mice in which
Tbx1 was ablated in the otic vesicle and pharyngeal pouch endoderm, had an absent
outer and middle ear.%®

Loss of function of the ear
Hearing loss
Hearing loss can be categorized in conductive, sensorineural and mixed hearing loss.
A pure conductive hearing loss refers to the hearing impairment caused by a defect in
the external auditory canal, tympanic membrane or middle ear. Here, sound is muffled
and presented to the cochlea at a lower sound level. In sensorineural hearing loss,
the problem lies in the cochlea or retrocochlear (auditory nerve or brain stem). As
a consequence, frequency range of sounds is reduced. Sensorineural hearing loss
is permanent whereas conductive hearing loss is not necessarily so. For instance,
conductive hearing loss caused by otitis media with effusion usually dissolves when the
fluid in the middle ear disappears. Mixed hearing loss is a combination of conductive
and sensorineural hearing loss. On a pure tone audiogram, a difference between air-
conduction and bone-conduction thresholds (air-bone gap) indicates a conductive
hearing loss component. High hearing thresholds in combination with an absent air-
bone gap suggests sensorineural hearing loss.?®

All types of hearing loss are described in patients with 22q11DS, but conductive
hearing loss is most frequently present.® It is thought that this hearing loss is caused
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GENERAL INTRODUCTION

by recurrent otitis media. Abnormalities of the ossicular chain are also reported,20-233440
which could lead to conductive hearing loss; as a result of recurrent otitis media,
though a congenital origin is also possible.3* Sensorineural hearing loss in 22q11DS
can be caused by inner ear malformations, such as an incomplete partition type Il of
the cochlea, or malformations of the lateral semicircular canal.?2>** A malformed lateral
semicircular canal is previously reported to occur with sensorineural hearing loss, but
also with conductive hearing loss.*42

Vestibular loss of function

Vestibular dysfunction can lead to a diverse set of symptoms: dizziness, imbalance,
vertigo, oscillopsia, other visual problems, fatigue, attention disorders, and specifically
in children a delayed motor development.®® The present symptoms depend on the
aetiology (a chronic or acute disorder) and if there is bilateral or unilateral involvement
of the labyrinth. In this thesis we focus on congenital vestibular malformations. In
congenital malformations, vertigo and dizziness are usually not present. But a delayed
motor development and more subtle signs such as trouble walking in the dark, or an
incoordination during fast and unsuspected movements, are.’° Of these problems, a
delayed motor development is frequently described in 22q11DS.#-48 However, motor
development depends also on many other factors, such a hypotonia (which is also
described in 22gq11DS*484%). Willlaert et al investigated 23 patients with 22q11DS with
a caloric test. 55% of patients had an unilateral caloric hypofunction, 90% had an
unilateral or bilateral weak caloric response.’” Patients can compensate a vestibular
anomaly, as was shown by a case report of a patient with 22q11DS, bilateral malformed
lateral semicircular canals and moments of disequilibrium but performing as a national-
level competitive gymnast.>®

Malformations of the ear
There are several forms of congenital malformations of the labyrinth, Sennaroglu et
al. classified those based on embryologic developmental arrests.® See Figure 4 for
a systematic overview. In patients with 22q11DS an incomplete partition type Il is
frequently described.* Here the basal turn of the cochlea is normal, but the middle
and apical turns are confluent and cystic. This occurs in combination with a dilated
vestibule and an enlarged vestibular aqueduct. In patients with 22q11DS, the inner ear
does not seem to follow this exact combination of malformations, since an enlarged
vestibular agueduct is not previously reported. Therefore, in this thesis when we report
on an incomplete partition type Il, we refer to solely the malformation of the cochlea.
The malformations of the vestibular system and vestibular aqueduct are separately
described.

In addition, there in 22q11DS middle ear malformations are also described. A dense
stapes superstructure was frequently encountered in our retrospective study where
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CHAPTER 1

we analyzed CT scans, and by Loos et al.3*3° Loos et al suggested that a dense stapes
could be of congenital origin since it was found in a patient of 9 days old.** Also
other malformations of the middle ear affecting the incus and malleus are described in
literature, however it seems to a lesser extent.20.345253

B b
0 @ a /
a c @%
i COCHLEAR HYPOPLASIA % b 9
ﬂ INCOMPLETE PARTITION TYPE | a

INCOMPLETE PARTITION TYPE Il
COMMON CAVITY ! !
o
COCHLEAR APLASIA

NORMAL COCHLEA AND VESTIBULE

MICHEL DEFORMITY

Figure 4. Schematic overview of Sennaroglu classification of inner ear malformations
Adopted from Sennaroglu L, Saatci |. A new classification for cochleovestibular malformations. Laryngoscope.
2002;112(12):2230-2241. doi:10.1097/00005537-200212000-00019

THE UPPER AIRWAY

The upper airway begins at the nose cranially and ends at the carina caudally. Most
anomalies described in 22q11DS are located at the larynx or more caudally.'314212225 The
larynx functions are protecting the airway during swallowing, phonation, breathing,
facilitating the Valsalva maneuver and coughing.>*->¢ Three parts of the larynx can be
distinguished, the supraglottis, glottis and subglottis (Figure 4). The larynx cartilage
includes the epiglottis, arytenoids, thyroid and cricoid cartilage. Intrinsic muscles opens,
closes, lengthens and tenses the larynx.>* Intrinsic laryngeal muscles are innervated by
the vagal nerve; the superior laryngeal nerve innervates the cricothyroid muscle and
the recurrent laryngeal nerve the remaining intrinsic muscles.>® The subglottic area
ends caudally at the inferior margin of the cricoid cartilage, there the trachea arises.
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GENERAL INTRODUCTION

The trachea is mainly supported by its cartilaginous C-shaped tracheal rings.>*

Epiglottis

Os hyoideum

Aryepiglottic fold
yerlg | Supraglottis
Cartilago thyroidea
Plica ventricularis
Sinus of Morgagni 4 J—
Plica vocalis | Glottis
Musculus vocalis =\ —
Cartilago L Subglottis
cricoidea
— Trachea
|%! —_

Figure 5. Coronal view of the larynx.

Adopted from Lewis, J., & Chernock, R. (2015) Larynx and trachea. In M. Wick, V. LiVolsi, J. Pfeifer, E. Stelow, & P.
Wakely, Jr (Eds.), Silverberg's Principles and Practice of Surgical Pathology and Cytopathology (pp. 1178-1203).
Cambridge: Cambridge University Press. doi:10.1017/9781139137201.01

Embryology
The larynx develops from the respiratory diverticulum, which is part of the
foregut lumen. The tracheoesophageal septum divides the oesophagus from the
laryngeotracheal tube. The endoderm forms the laryngeal epithelium. The laryngeal
cartilages and muscles are thought to derive from the fourth and sixth pharyngeal
arch. The lumen of the larynx will be obliterated due to proliferation of the epithelium,
but the larynx reopens by 10 weeks of gestation.>” There are many different congenital
airway anomalies (see below), the majority caused by a disruption in embryologic
development.’” Other than in ear malformations, 22g11DS mouse models have not
specifically reported on laryngeal or tracheal malformations to our knowledge.
Interestingly, in 22q11DS, structures derived from pharyngeal arches are frequently
malformed and the more pharyngeal caudal arches seemed to be more severely
affected in mouse models.2%%% However, an embryo study has shown no evidence for
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CHAPTER 1

the thyroid, cricoid and arytenoid cartilages to arise from pharyngeal arches, proposing
a hypothesis that these cartilages originate directly from mesoderm.$®

Congenital upper airway anomalies

In general, upper airway anomalies are diagnosed with fiberoptic laryngoscopy, and
subsequently by a direct laryngoscopy and bronchoscopy, under general anesthesia. In
22q11DS, a laryngeal cleft, laryngeal web, (sub)glottic stenosis and airway malacia are
important anomalies!®14212225 and are discussed separately below. The severity of these
anomalies can range from mild to life threatening. In some cases, a tracheostomy is
needed to secure the airway.

Laryngeal cleft

In patients with a laryngeal cleft the interarytenoid tissues, cricoid cartilage or the
tracheoesophageal septum are not fused normally. As a result there is an abnormal
connection between the larynx and oesophagus.”” Clinical symptoms vary much
depending on the severity of the cleft. In grading the severity, the classification of
Benjamin and Inglis is used. They distinguish between four types of severity. A type 1
cleft is limited to the interartytenoid region, cranial of the vocal cords. A type 2 cleft
extends partially through the cricoid cartilage. In a type 3 cleft there is a defect through
the entire cricoid and the cervical part of the tracheoesophagal septum. And lastly, in
a type 4 cleft the intrathoracic trachea is involved.®* The diagnosis of a type 1 or 2
cleft can easily be delayed until childhood due to mild symptoms. A type 3 or 4 cleft
however are usually presented by severe respiratory symptoms and are diagnosed
shortly after birth.>”62 A laryngeal cleft should always be considered in patients with
recurrent lower respiratory tract infections, feeding difficulties (including dysphagia)
or stridor after feeding.” Due to a frequent delay in diagnosis, an exact prevalence is
hard to find. However, it is reported that patients who undergo direct laryngoscopy for
recurrent respiratory tract infections, the incidence of a laryngeal cleft is 0.2-7.6%.53

Laryngeal web

A laryngeal web represents a form of laryngeal atresia. It arises from a failure in
recanalization of the laryngeal tube during the embryologic development. 75% of the
webs are located at the vocal cords.®? The severity and type of symptoms depend
on the grade of laryngeal web. The most commonly used severity classification in
glottic webs is the classification from Cohen et al. who described four types. A type
1 web extends to 35% of the glottis, the vocal cords are visible and there is little or
no subglottic involvement. A type 2 involves 35-50% of the glottis. Here, the web is
thin or moderately thick and usually does not cause an airway obstruction, although
this can occur in situations with stress, infection or intubation trauma. A type 3 web
involves 50-75% of the glottis, the web is thick anterior and thinner posterior. The
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GENERAL INTRODUCTION

anterior part extends to the subglottic area. The vocal cords are not as clearly visible
compared to type 1 or 2. There is an airway obstruction for which intubation may be
needed. Type 4 is the most severe type of web, involving more than 75% of the glottis
and which is anteriorly and posteriorly thick. It extends in the subglottic area, causing
a threated airway. Tracheotomy is required directly after birth.%* Surgical treatment for
any type of web is frequently delayed to age 3 or 4 years. Small webs can be surgically
incised, for large webs a single or double stage laryngotracheal reconstruction can be
performed.57626566 |nterestingly, in a study where all patients with an anterior glottic
web were tested for 22q11DS with FISH, 65% tested positively.®”

Subglottic stenosis

As described above, in severe laryngeal webs a subglottic stenosis can occur, but
there can also be an isolated subglottic stenosis. Just as a laryngeal web, a congenital
stenosis results from a failure in recanalization of the laryngeal tube and can be
membranous or cartilaginous. The Myer-Cotton classification is widely used, where
type 1 represents a stenosis obstructing to 50% of the airway, in a type 2 the airway is
for 51-70% obstructed, in a type 3 71-99% and in a type 4 no lumen can be detected.®®
Symptoms and the therapeutic options depend on the severity of stenosis. Mild
stenosis can be symptomatic only during a respiratory infection, this can usually be
treated conservatively. A severe stenosis however can be life threatening and surgery
will be needed. There are different surgical options, such as dilation or laryngotracheal
reconstruction.5”626°

Airway malacia

Airway malacia refers to a weaker or softer airway which can easily collapse, for instance
during feeding or a supine position. Laryngomalacia is the most frequently present
form, but malacia can also be localized in the trachea, bronchi or even in the pharynx.
In literature, airway malacia is sometimes referring to tracheo- or bronchomalacia. In
this thesis however, the term airway malacia is used for all types of malacia. Most cases
of airway malacia are mild in severity and improve rapidly when the child ages and
the airway grows.”®’* Other than a weaker airway causing symptoms, malacia can also
be caused by an abnormal course of nearby structures compressing the airway. This
is especially important in 229q11DS, where vascular anomalies are frequently present,
such as a right sided aortic arch.?’2 These vascular malformations can flatten the airway
causing respiratory symptoms.
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OUTLINE OF THIS THESIS

The objective of this thesis was to expand our knowledge on the phenotype of 22q11DS
regarding otorhinolaryngologic manifestations. In chapter 2 an overview over literature
is provided regarding hearing loss and otologic manifestations in 22q11DS. Chapter 3
describes the prevalence of hearing loss and otologic manifestations in patients with
22911DS who attended the multidisciplinary 22q11DS team in the WKZ. In chapter 4
radiologic anomalies retrospectively encountered on Computed Tomography (CT)
or Magnetic Resonance Imaging (MRI) of the middle and inner ear in patients from
the UMCU and from the Children’s Hospital of Philadelphia are described. Chapter 5
consists of a case report, describing two cases with challenging otologic surgery in
22q11DS. Chapter 6 describes a cross-sectional study where subjective vestibular
anomalies are reported. Subjective vestibular symptoms were assessed using a
questionnaire. Finally, chapter 7 gives an overview of congenital airway anomalies in
22911DS patients.
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CHAPTER 2

ABSTRACT

Background
Hearing loss and otitis media are frequently reported in patients with 22q11.2 deletion
syndrome.

Objective of review
Our objective was to review the current literature on the prevalence of hearing loss
and otologic manifestations in patients with 22g11.2 deletion syndrome.

Type of review
Systematic review.

Search strategy

We conducted a systematic search in PubMed and Embase combining the term '22q11.2
deletion syndrome’ and synonyms with ‘'hearing loss’ and ‘otologic manifestations’ and
synonyms.

Evaluation method

We screened title/abstract and full text of all retrieved articles on predefined in- and
exclusion criteria. The remaining articles were assessed on risk of bias. Outcome
measures included the prevalence of hearing loss and otologic manifestations such
as otitis media.

Results

Our search yielded 558 unique studies of which a total of 25 articles were included for
critical appraisal and data extraction. Twenty-one studies reported on hearing loss and
21 studies on otologic manifestations. The prevalence of hearing loss varied from 6.0%
to 60.3%, where in most studies conductive hearing loss was most prevalent. Rates of
recurrent or chronic otitis media varied from 2.2% to 89.8%.

Conclusion

Although a very broad range in prevalences is reported in different studies, hearing loss
and recurrent or chronic otitis media are frequently present. Regular check-ups and
audiometric testing are advised in patients with 22g11.2 deletion syndrome.
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INTRODUCTION

The 22q11.2 deletion syndrome (22q11DS) is an autosomal dominant disorder caused
by a microdeletion on the long arm of chromosome 22'-% and has an estimated
prevalence of 1in 4000 live births.*> The syndrome is characterized by a heterogenic
phenotype in both the individual patient as the patient population®, whereby some
patients are severely affected, while others have only minor features.” Within this broad 2
range of manifestations, otitis media and (subsequent) conductive hearing loss are
frequently reported.}=38-1 Sensorineural and mixed hearing loss are also described, but
less frequently.368-11

The conductive hearing loss in 22q11DS patients is presumably to a large extent
caused by otitis media and consequences thereof such as a perforation of the
tympanic membrane.®-2 However, there are also case reports and one radiologic
study describing middle ear malformation, including a dens stapes superstructure,
that might result in conductive hearing loss.*"** There are a few hypothesis regarding
potential causes of sensorineural hearing loss in patients with 22g11DS. Some authors
speculate on cochlear damage secondary to vascular damage or recurrent otitis
media,'* others reported on patients with anatomical malformations of the inner
ear.’® Recently, a retrospective radiologic study analyzed the CT scans of the temporal
bone in 11 patients with 22q11DS and found an incomplete partition type Il of the
cochlea in 55% of the analyzed ears.?®

In addition, Tbx! is identified as a candidate gene responsible for ear abnormalities
in mouse models.’®-2° In mice, inactivation of the Tbx1 gene in the otic vesicle leads
to disruption of inner ear development.?* Furthermore, the TbxI gene is needed to
develop the outer and middle ear.?'?? In general, a phenotype genotype relation
however, is in humans not yet found.?®

Hearing is essential for speech and language development?* and early identification
of permanent hearing loss (not originating from otitis media or other transient ear
diseases) is suggested to lead to better language abilities on primary-school age.?® In
addition, late-identified hearing loss can have anegativeimpact onsocialdevelopment.?¢
Many patients with 22q11DS experience speech and language difficulties even when
not affected by hearing loss,?2® making it essential to diagnose hearing loss in an early
stage and optimize hearing in this specific population.

Given the large clinical variability of 22g11DS in combination with the need for early
identification and treatment of hearing impairment, more insight on prevalence of
otologic manifestations in 22q11DS is necessary. Therefore, in this systematic review
we provide an overview of the prevalence of hearing loss and otologic manifestations
of patients with 22q11DS reported in the current literature.
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CHAPTER 2

METHODS

Search strategy and selection

On the 16" of January 2017, we performed a literature search in PubMed and Embase,
combining synonyms for the search term ‘22qll.2 deletion syndrome’, 'hearing
loss’ and different otologic manifestations (Supplement 1). Two authors (EV and LD)
independently screened all retrieved articles on title and abstract and subsequently
on full text using predefined in- and exclusion criteria (Figure 1). Articles reporting
the prevalence of hearing loss or otologic manifestations in children and adults with
a confirmed 22qgl11.2 microdeletion were included. With this search strategy there
is a possibility of missing articles that report our outcome measures as secondary
outcome. Therefore, we performed a thorough cross-reference check of the selected
articles using Web of Science. In case of an overlapping population between studies,

we selected only the most recent or most comprehensive study.

22g11.2 deletion

Hearing loss OR

AND
syndrome Otologic manifestations
]
| ]
Pubmed Embase
| |
Title/abstract screening |
Inclusion criteria 678
- Confirmed 22q11.2 deletion
- Hearing loss ——1 Removal of duplicates

- Otologic manifestations 558

Exclusion criteria 1
- Non-human studies 93
- Language other than

English or Dutch

19

Cross-reference —

25

Full text screening
Exclusion criteria

J—— - No hearing loss or clinical otologic

manifestations reported
- No original data
- Poster, abstract, case report,
commentary, expert opinion, letter
- Overlapping population

Figure 1. Flowchart demonstrating study selection process.

Quality assessment

After screening on title, abstract and full text the remaining articles were critically
appraised forrisk of bias. Risk of bias assessmentincluded selection bias, standardization,

recall bias, missing data and lost to follow-up.
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Table 1. Critical appraisal

Study Risk of Bias
Publication ) Sample Standardization
Authors year Design size SB DM HL OM RB MD FU
Basset et al.?® 2005 RCS/CS 78 [ [ o o ? ® NA
Cancrini et al.*® 2014 RCS/PCS 228 [ J [} o o ? o ?
Digilio et al.® 1999 ? 27 ? [ [ ] [ ] [ ® NA
Dyce et al.® 2002 RCS 102 [ [} o [ [} ? NA
Finkelstein et al. 1993 RCS* 21 o [ o o [ ® NA
Ford et al.t? 2000 RCS 35 [ [} o o [} o NA
Jiramonkolchai et al.*? 2016 RCS 58 [ [} [ J o [} ? NA
Jyonouchi et al.** 2009 RCS 564 [ ] [} o NA @ o NA
Kornfeld et al.3 2000 RCS 13 [ J [ ] NA o [ ] [ J NA
Lay-Son et al. 2012 RCS/CS 201 o ® NA o [ ® NA
Lima et al.3 2010 RCS/CS 60 [ ] ® NA © o ® NA
Liu et al.¥” 2014 RCS 18 [ J [ ] o o o [ J NA
Marquez-Avila et al.*® 2015 PCS* 62 [ ] [} o NA @ o NA
Oskardottir et al.3® 2004 RCS 100 ° ® NA @ ® o ?
Persson et al.?® 2003 CS 65 [ ] [ ® NA © ® NA
Persson et al.#° 2012 CS 24 [ ] [} [ o [} [ NA
Ravnan et al.# 1996 RCS/CS 31 [ J [ ] o o [ ] [} NA
Reyes et al.tt 1999 RCS 89 o [ [ ] [ ] [ ® NA
Ryan et al.®? 1997 RCS 558 [ [} o o ? o NA
Solot et al.?’ 2000 pPCS* 305 [ ] [ [ ] [ ] [ o NA
Van Eynde et al.V 2016 CS 40 [ ] [ [ ] [ ] [ ® NA
Verheij et al.*? 2016 RCS 199 [ ] [ ] [ ] [ ] [ [ ] o
Vieira et al.® 2015 CS 35 o [ o NA @ o NA
Weir et al.** 2016 RCS 406 [ ] [ [ ] [ ] [ o ?
Zarchi et al.!® 2011 CS 62 [ ] [ [ [ ] (] ® NA
Abbreviations: Not applicable (NA); *results collected from cross-sectional assessment
Legend:

Study design: PCS = prospective cohort study; RCS = retrospective cohort study; CS=cross-sectional study
Selection bias (SB): @ = patients selected upon domain (diagnosis 22g11 syndrome); o = patients selected based
on disease characteristics; ? = not mentioned.

Standardization:

- Standardization of diagnostic method (DM): @ = diagnosis confirmed by presence of deletion; o = diagnosis
confirmed by phenotype; ? = diagnosis not confirmed or not mentioned.

- Standardization of hearing loss (HL): @ = predefined criteria for HL; o = no predefined criteria for HL

- Standardization of otologic manifestations (OM): @ = provided for all described manifestations; o = no
definition provided

Recall bias (RB): @ = data collected prospectively or by chart review; o = data collected retrospectively by
questionnaires; ? = method of data collection not described.

Missing data (MD): @ = <10% or method of handling described; o = >10% and method of handling not
described; ? = not reported.

Loss to follow up (FU): @ = <10%; O = >10%; ? = not described.

Data extraction

After critical appraisal we extracted study characteristics and descriptive data on
hearing loss and otologic manifestations from the included studies. If the prevalence
was not given in the article, it was calculated by dividing the number of affected
patients by the total number of assessed patients. For complete and transparent
reporting of results, this review was written according to the preferred reporting items
for systematic reviews and meta-analysis (PRISMA) statement checklist.*
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CHAPTER 2

RESULTS

Search strategy and selection.
The study selection process is shown in Figure 1. Our search yielded a total of 558
unique studies. After screening for title, abstract and title and cross-reference checking,
we included 25 articles, which we critically appraised (Table 1).

In four studies selection bias could not be excluded as they included patients
based on specific disease characteristics. These characteristics were velopharyngeal
insufficiency,*** and/or palatal abnormalities.'*4®

Data extraction

Study characteristics and descriptive data are presented in Table 2. In total, there were
3381 patients included (25 studies). Due to heterogeneity among the different studies,
we could not pool the extracted data.

Hearing loss

Twenty-one studies reported on hearing loss (Table 2). Different definitions of
hearing loss were used: most studies defined hearing loss as a pure tone average
(PTA) of greater then (or equal to) 20 decibel hearing level (dB HL) 8112728324042 in two
studies a threshold of >15dB HL was used,”#4 and in one study >25 dB HL.1® Also, the
frequencies at which the PTA was calculated differed as some authors used 0.5, 1
and 2 kHz 811727 others used the frequencies 0.5, 1, 2 and 4 kHz.284%42 and one study
defined hearing loss at a hearing threshold below 15 dB at any frequency.** In two
articles the method of calculation was not mentioned.!*3? Rates of hearing loss, all
types of hearing loss included, varied from 6.0% to 60.3%. Aside from decreased
hearing thresholds in standard frequencies, Zarchi et al. and Van Eynde et al. found
hearing loss to be more present and more severe in the high tones (Van Eynde et al.
measured thresholds at 4, 8, 9, 10 and 11.2 kHz and Zarchi et al. at (4), 6 and 8 kHz).16”
Conductive hearing loss was most prevalent in most studies (range 5.6% to 53%), in
only two studies sensorineural hearing loss or mixed hearing loss was present in more
patients compared to conductive type hearing loss.'*¥” The rate of sensorineural and
mixed hearing loss in the included studies differed from 0% to 19.4% and from 0% to
28.2% respectively. The severity of hearing loss was reported by nine studies and was
mostly of mild severity (<40dB).816.17.27.31.32404244

Otologic manifestations

Twenty-one studies reported on otologic manifestations (Table 2). There were seven
cross-sectional studies describing otoscopic findings,16172730314042 and 16 studies
reporting the medical history of otologic manifestations, including recurrent or
chronic otitis media.8-123032-3638-42 This was either defined as the occurrence of more
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than three episodes per year®¢ or an episode lasting more than 30 days,® three or more
infections in the past six months or four or more per year,'* or more than ten middle
ear infections.*® A medical history of recurrent or chronic otitis media was present in
2.2% to 89.8%. Cross-sectional results revealed a prevalence of 3.8% to 25.8% of otitis
media, including otitis media with effusion (serous) diagnosed with otoscopy and/or
tympanometry, 161727314042
The prevalence of other otologic manifestations in patients with 22q11DS reported 2

in the included articles are reported in Table 2 or summed up below. In addition to
Table 2, Solot et al. reported on 16 patients with otitis media, eardrum retraction or
tympanic membrane perforation, all diagnosed with hearing loss.?” One study reported
on otologic surgery in patients’ history, which included a tympanomastoidectomy
(n=1) and an ossiculoplasty (n=2).1° In the study by Jiramongkolchai et al. nine patients
required hearing aids.3?
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DISCUSSION

Summary of main results

Hearing loss and recurrent or chronic otitis media are common problems in patients

with 22q11DS. We found a prevalence of hearing loss ranging from 6.0% to 60.3%.

Conductive hearing loss was reported in 5.6% to 53%, sensorineural hearing loss in 0%

to 19.4% and mixed hearing loss in 0% to 28.2% in the included studies. In addition, we 2
found a prevalence of recurrent or chronic otitis media ranging from 2.2% to 89.8%.

Comparison with general population
Comparing the prevalence of hearing loss and recurrent otitis media to the general
population shows that these conditions are more common in patients with 22q11DS.
In a population-based cross sectional survey, a prevalence of hearing loss of 14.9%
was found in children aged six to 19 years.*® In another population-based study, also
among children aged six to 19 years, a prevalence of 4.7% was found for hearing loss
(>20 dB HL averaged over 0.5, 1,2,4 kHz).#” They furthermore estimated that less than
2.2% of children in this age group had sensorineural hearing loss and less than 3.5%
of children between three and 19 years had conductive hearing loss.#” Although the
outcome of our included studies differed much, 20 of 21 studies found a prevalence
of hearing loss greater than the previously reported 14.9% hearing loss in the general
population_8—12,16,17,27,28,29—33,37,38,40,42—44

Regarding recurrent otitis media, in a population-based study among 50474
children (data was collected from birth until the age of three) 7.8% had recurrent otitis
media, defined as four or more physician visits in one year, or three or more visits in six
months.*® As shown in the current review this prevalence appears to be considerably
higher in the 22q11DS population.

Possible pathophysiologic factors of otitis media and hearing loss

As in patients with 22g11DS, otitis media is also frequently present in (hon-syndromatic)
children with a cleft palate, which is presumably caused by Eustachian tube
dysfunction.*>*0 A cleft palate (mostly submucosal) is an important feature of 22q11DS
and present in many patients with 22q11DS.21? Possibly, the same pathophysiology is
causing otitis media in patients with a cleft palate and in patients with 22q11DS. This
is supported by the fact that in mouse models for 22gq11DS a hypoplastic levator veli
palatini muscle was found and related to otitis media.*

Subsequently, otitis media could lead to conductive hearing loss is in 22q11DS, and
in some cases even to cochlear damage which could lead to sensorineural hearing
loss.>? Interestingly however, Loos et al. analyzed the CT scans of the temporal bone
in 11 patients and found anatomical malformations of as well the middle ear as the
inner ear.®> The authors described a malleus fixated to the tympanic annulus, and a thin
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and horizontally positioned long process of the incus in two of 22 analyzed ears. In
addition, the stapes was abnormally orientated in one ear, and there was a dense stapes
superstructure in 45% of ears. This latter malformation was suggested not to arise from
recurrent middle ear infections since one patient showed to have this abnormality at
only 9 days of age. Furthermore, they reported on a larger basal turn of the cochlea in
two ears and an incomplete partition in 12 ears (55%).3 Ossicular chain abnormalities
are also reported by Persson et al., Solot et al. and Jiramongkolchai et al., (although
these studies were included in this review, these data were not) and they described a
total of eight patients with ossicular chain malformations.?’3240 Presumably, hearing
loss in patients with 22q11DS is a multifactorial issue.

Variation in outcome

Regarding the reported prevalences in this review, the broad range is striking. The
heterogeneity of the included studies could have contributed to this diversity of
prevalences. One of the varying factors was the age of included patients ranging
from birth to adulthood. In the general population, otitis media is most prevalent in
young children.>54 |t is likely that also in patients with 22q11DS, adults experience
fewer and less severe episodes of recurrent or chronic otitis media compared to
children. Furthermore, age could also influences hearing results, showing an increase
of sensorineural hearing loss with age. One included study found a positive relation
between age and decreasing hearing thresholds in the high tones in 22q11DS,
suggesting a progressive high tone hearing loss.’® This could be due to aging, but
recurrent otitis media might also lead to cochlear damage,’*¥ emphasizing the
necessity of early diagnosis and treatment.

Several other factors contributed to the large heterogeneity between the included
studies. First, 11 of 21 studies did not provide a definition of hearing loss.%10.12:29-51.33.57.38,41.43
This does not only make these results hard to interpret and compare to other studies
but might also result in an increased risk of bias due to lack of standardization. Also,
different definitions of recurrent or chronic otitis media and hearing loss were used.
The definitions for hearing loss varied between a pure tone average of greater than 15
dB ( two studies),’#* greater than (or equal to) 20 dB (seven studies) 8112728324042 gnd
greater than or equal to 25 dB (one study).!®* Moreover, the pure tone average used in
these definitions varied among the studies. These differences in methods could easily
affect the results of studies and therefore contribute to the large variation in outcome.
In addition, of the included studies, there were four studies which only included
patients with velopharyngeal insufficiency and/or cleft palate.!*33543 Patients with
velopharyngeal insufficiency or cleft palate have a higher risk of middle ear diseases
and subsequently conductive hearing loss, which might have introduced bias.5°%
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Limitations

The main limitation of this review is that despite the thorough literature search,
screening and cross-reference check of retrieved articles, there is a possibility that
articles reporting on hearing outcome and otologic manifestations as secondary
outcome measures were missed.

In addition, Dyce et al., Jyonouchi et al., Solot et al. and Weir et al. all included
patients from the database of Children’s Hospital of Philadelphia.®?”3344 Therefore, we 2
could not rule out the possibility of overlapping populations.

For future research prospective cohort studies with standardized regular, otologic
and audiologic assessments would be very informative for more insight on the
evolvement of hearing loss and otologic manifestations in patients with 22q11DS.

CONCLUSION

Although there is a great diversity in reported prevalence rates in the different studies, it
can be concluded that hearing loss and recurrent or chronic otitis media are frequently
present in the 22q11DS population. To prevent adverse health and social related
consequences of hearing loss and frequently occurring otologic manifestations of
22q11DS regular check-ups and audiometric testing by an otolaryngologist is advised,
especially at a young age.
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A LITERATURE REVIEW ON HEARING LOSS AND OTOLOGIC MANIFESTATIONS IN 22qg11.2 DELETION SYNDROME

SUPPLEMENT

Supplement 1. Search strategy

Database  Syntax (January 16" 2016) Results
((22g11*[tiab] OR VCF*[tiab] OR "velo cardio facial’[tiab] OR Velocardiofacial[tiab] OR
“velo-cardio-facial’[tiab] OR DiGeorge*[tiab] OR “Pharyngeal Pouch Syndrome"[tiab]
OR "Shprintzen Syndrome”[tiab] OR “Conotruncal Anomaly Face Syndrome"[tiab] OR
PubMed “22q11 deletion syndrome’[MeSH] OR “DiGeorge syndrome’[MeSH]) AND (Ear(tiab] OR 388
Auricular[tiab] OR Hearingltiab] OR Deaf*[tiab] OR Audio* [tiab] OR Auditor*[tiab] OR 2
Otol* [tiab] OR Otorhino*[tiab] OR Ent[tiab] OR Otitis[tiab] OR "hearing loss"[tiab] OR
“hearing loss"[MeSH] OR “Otorhinolaryngologic Diseases"[MeSH]))

Embase Accustomed search designed for Embase 290

Total 678
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CHAPTER 3

ABSTRACT

Hearing loss is frequently present in the 22q11.2 deletion syndrome. Our aim was
to describe the audiologic and otologic features of patients with 22q11.2 deletion
syndrome. We conducted a retrospective cohort study in a single tertiary referral
center. We reviewed medical files of all patients with 22q11.2 deletion syndrome who
visited an otolaryngologist, plastic surgeon or speech therapist, for audiologic and
otologic features. Hearing loss was defined as a pure tone average (of 0.5, 1, 2 and 4
kHz) of >20 decibel hearing level. 102 out of 199 included patients had an available
audiogram, there were 163 ears with an audiogram where the frequencies 0.5-4 kHz
were measured. Median age at time of most recent audiogram was 7 years (range
3 to 29 years). In 62 out of 163 ears (38%) hearing loss was present. Most ears had
conductive hearing loss (n=58) and four ears had mixed hearing loss. The severity
of hearing loss was most frequently mild (pure tone average of <40 decibel hearing
level). In 22.5% of ears otitis media with effusion was observed at time of most recent
audiogram. Age was not related to mean air conduction hearing thresholds or to otitis
media with effusion (p =0.43 and p=0.11 respectively). In conclusion, hearing loss
and otitis media are frequently present in patients with 22q11.2 deletion syndrome.
Moreover, our results suggest that children with 22q11.2 deletion syndrome remain
susceptible for otitis media as they age.
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INTRODUCTION

First identified in 1983 and later confirmed in the 1990’s, patients with velocardiofacial
syndrome, diGeorge syndrome and conotruncal anomaly face syndrome were found
to have a microdeletion in the same genetic region, the 22q11.2 region.* This led
to one united syndrome, the 22g11.2 deletion syndrome (22q11DS).> This syndrome
has a heterogenic phenotype and is characterized by congenital heart anomalies,
immunodeficiency, kidney abnormalities, cleft palate (from bifid uvula to complete
cheilo-gnatho-palato cleft), velopharyngeal insufficiency, speech and language
impairment.>-1°
Many patients diagnosed with this syndrome are known to have recurrent otitis
media and hearing loss.5615-187-14 The reported prevalence of hearing loss in 22q11DS
varies between 40 and 64.5%, which is considerably higher compared to the prevalence
rate in the general population.*-*° Hearing loss in 22q11DS is mostly conductive, but
sensorineural and mixed hearing loss is also described.’*-*® Conductive hearing loss
in patients diagnosed with 22g11DS is associated with recurrent otitis media.10-14161719
Causes of otitis media and conductive hearing loss in 22q11DS are presumably
multifactorial. Many patients with 22q11DS suffer from immunodeficiency with
recurrent respiratory tract infections. In addition, dysfunction of the Eustachian tube is
suggested to be an important factor in developing otitis media.!?'316 Mouse models
of 22g11DS have shown a relation between otitis media and conductive hearing
loss.2%2t |In addition, in mouse models of 22q11DS a hypoplastic levator veli palatini
muscle, an intrinsic muscle of the Eustachian tube, was found. Interestingly, in the
case of unilateral otitis media with effusion, the levator veli palatini muscle in mice was
significantly smaller on the side of otitis media compared to the non-inflamed side.?
In addition, congenital middle ear malformations are also described in patients. 142324
Regarding the sensorineural hearing loss, cochlear damage as a result of chronic
otitis media has been suggested as a possible underlying cause.’'8 Furthermore, Tbx1,
a gene located on the 22q11.2 region (the same region where the microdeletion in
22q11DS is located), is suggested to be required for inner ear development.?>?¢ Along
with this finding, congenital malformation of the cochlea is described in a case report.>*
Our tertiary referral center contains a cohort of approximately 220 22q11DS patients
who are evaluated and treated by a multidisciplinary team. We aimed to describe
the otologic and audiologic findings of these patients. In addition, we analyzed the
influence of aging on hearing thresholds and otologic manifestations.
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MATERIAL AND METHODS

Patients

We conducted a retrospective cohort study in a single Dutch tertiary referral center.
All patients diagnosed with 22q11DS after multidisciplinary outpatient intake and
examination (including plastic surgeon, otolaryngologist and speech therapist) until
12th November 2015 were included. We reviewed medical files for audiologic and
otologic features including a history of otitis media (acute or chronic (with effusion)),
grommet insertion, tympanic membrane perforation, cholesteatoma, adenoidectomy,
adaptation of hearing aids (air or bone conduction) and history of otologic surgery.
In addition, we collected all available conventional pure tone audiograms and we
reviewed otoscopic reports specifically at time of most recent audiogram. If these
reports were lacking, information on tympanic membrane perforations and grommets
could be reasoned if there was a tympanic membrane perforation or grommet in place
sometime before and after the most recent audiogram. Then we assumed that those
findings were also present during most recent audiogram.

Audiometric examination

We defined hearing loss as a pure tone average (PTA) (of 0.5, 1, 2 and 4 kHz) of more than
20 decibel hearing level (dB HL), in concordance with the AAO-HNS 1995 guidelines
(apart from 3 kHz where we used 4 kHz).?” Conductive hearing loss was determined
as an average air conduction (AC) threshold of >20 dB HL in combination with an
air-bone gap (ABG) of >10 dB at one or more frequencies. Sensorineural hearing loss
was defined as hearing loss with an ABG <10 dB in all frequencies and mixed hearing
loss as an average AC and bone conduction (BC) threshold of >20 dB HL, and an
ABG of >10 dB at one or more frequencies. Hearing loss was classified as mild (21-
40 dB), moderate (41-60 dB), moderate to severe (61-70 dB), severe (71-90 dB) and
profound (>91 dB). In the cases of absent bone conduction measurement at first or
most recent audiometric evaluation, BC thresholds from earlier or later measurements
were evaluated. If previous or later BC measurements were lacking, the BC from the
contralateral ear was adapted. We defined immeasurable AC thresholds due to bad
hearing (marked by a downward arrow on the audiogram) as a threshold of 130 dB HL.
Forimmeasurable BC thresholds with measurable AC, consensus between authors (EV,
GvZ and HT) was reached on how to interpret these findings. When two audiograms or
more were performed with an interval of at least one year, we compared the hearing
thresholds from the first and the most recent audiogram.

Statistical processing and analysis

Due to various practical reasons, in some audiograms not all hearing thresholds
were measured for every frequency. Those missing data were assumed to be missing
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at random, implying that the missing at random (MAR) assumption was applicable.
Therefore, multiple imputation was used to handle missing hearing thresholds.?® We
generated ten imputation sets.

We used the Mann-Whitney U test to analyze the relation between age and
otologic pathology. Linear regression was used to evaluate the effect of age on hearing
thresholds. In this evaluation, we did one sensitivity analysis where we excluded
outliers. We employed SPSS version 21 for statistical analysis.

RESULTS

Missing data

BC hearing thresholds were not measured in 79 ears in most recent audiogram. Earlier
measurements were evaluated in 28 ears, and the BC thresholds from the contralateral
ear were adapted in 41 ears. In five patients and ten ears, the BC was never measured,
nor was there a BC threshold measured in the contralateral ear. All these ears had AC
conduction thresholds in the normal range. In these cases, since they had normal
hearing, we assumed that there was no ABG. In 49 ears, where there were at least two
audiograms with an interval of at least one year, BC thresholds were not measured
in the first audiogram. Later measurements were evaluated in 38 ears, and the BC
thresholds form the contralateral ear were adapted in 11 ears. Next, in the most recent
and first pure tone audiogram there were 16% and 25.5% missing hearing thresholds
respectively.

Medical history

We included a total of 199 patients, 102 men and 97 women. Audiometric
measurements were available for 102 patients and 204 ears. Characteristics are shown
in Table 1. Median age at most recent audiogram was 7 years (range 3 to 29 years).
Median age at start of study was 11 years (range 2.5 months to 30 years). Many patients
had an otologic history; in 61% of patient's grommets were inserted, varying between
once to 17 times. 15 patients were adapted with conventional hearing aids and four
patients with a bone conduction device (BCD) on a softband. One patient received a
percutaneous BCD, but was a non-user. Six patients were using an assistive listening
device at school, coupled to a conventional hearing aid in four patients and to ear
phones in two patients. 14 patients underwent otologic surgery, comprising more than
one surgical intervention in six of these patients. One patient received a canalplasty for
an acquired stenosis of the external auditory canal. Five out of 14 patients underwent
middle ear surgery for chronic otitis media including mastoidectomy, attico-antrotomy
or a combination of surgical approaches to treat the pathology. Ten out of 14 patients
underwent tympanoplasty, two patients on both ears, seven patients on one ear. In four
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out of 14 patients an epithelial rim boarding the tympanic membrane perforation was
removed to stimulate spontaneous closure. In addition, 47 patients (25%) underwent
adenoidectomy.

Considering otoscopic reports at time of the most recent audiograms, a tympanic
membrane perforation was present in 31 of 196 ears (15.8%). Grommets were present
and patent in 29 of 185 ears (15.7%), otitis media with effusion (OME) was present in 32
of 142 ears (22.5%), 22 of these 32 ears had a history of grommet insertion. In addition,
2 of 142 ears (1.4%) had acute otitis media (OMA) while a grommet in place (purulent

otorrhoea).

Table 1. Demographic characteristics and medical history of 199 patients

Patients (n=199) (%)

Male 102 (51)
Audiogram available 102 (51)
Median age in years at most recent audiogram (range) (n=102 patients) 7 (3-29)
History of ventilation tubes (n=186 patients) 113 (61)
History of adenoidectomy (n=192 patients) 47 (24)
History of cholesteatoma (n=192 patients) 0(0)
History of tympanic membrane perforation (n=190 patients) 55 (29)
Use of hearing aids/BCD (n=194 patients) 19 (10)
Otologic surgery (n=194 patients) 14 (7)

Abbreviations: Pure tone average (PTA), Bone conduction device (BCD)

Most recent audiogram

There were two ears with immeasurable BC thresholds with measurable AC thresholds.
In one of those two ears there was an immeasurable BC threshold at 4 kHz, where the
AC threshold at 4 kHz was 100 dB HL, the frequencies 0.5-2 kHz showed an ABG of
10-30dB, and we interpreted this audiogram as mixed hearing loss. The other ear had
immeasurable BC thresholds at 0.5 and 1 kHz with AC thresholds of 60 and 65 dB HL,
interpreted as a pure sensorineural hearing loss in the low frequencies, but overall as
a mixed hearing loss, because the ABG was 20dB at 2 and 4kHz.

Overall, patients had received their most recent audiogram between 1995 and
2015. The median of PTA AC thresholds was 17.5 dB HL (range -1.3 to 57.5 dB HL)
and the median of PTA BC thresholds was 2.4 dB HL (range -9.4 to 46.3 dB HL). There
were 163 ears where every frequency (0.5,1,2,4 kHz) was measured, hearing loss was
found in 62 of 163 ears (38%) (Figure 1). After imputation of missing data, there were 77
of 204 ears with hearing loss (38%). Most ears with hearing loss suffered from a pure
conductive form.

Frequently, hearing loss was mild, but seven ears belonging to seven patients had
a moderate conductive hearing loss. Two of these seven ears were diagnosed with
OME at the time of audiometric evaluation, one ear had a tympanic tube in place
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and otitis media, one ear with a tympanic membrane perforation, one ear without
any otologic problem at time of audiometric evaluation and finally two ears had no
available otoscopic information. One of these two ears had an acquired stenosis of the
external auditory canal after chronic obliterative otitis externa. The other ear without
an obvious cause for the hearing loss had tympanosclerosis involving the ossicular
chain, shown on a Computed Tomography (CT) scan (patients history revealed chronic
otitis media).

Audiogram HL

available Type of HL Severity of HL

Inclusion

Mild: 51 ears
Conductive: 58 ears

Moderate: 7 ears
Mixed: 4 ears HModerate: 4 ears]

199 patients H 163 ears H 62 ears

Figure 1. Flowchart of audiogram results in 163 patients.
Abbreviation: Hearing loss (HL)

Infour ears (three patients) a sensorineural componentin combination with a conductive
hearing loss (mixed hearing loss) was observed. In all these ears the severity of hearing
loss was moderate with median of PTA AC thresholds of 50.6 dB HL (range 46.3 to 56.3
dB HL) and median of PTA BC thresholds of 37.5 dB HL (range 33.8 to 46.3 dB HL). CT
scanning of one patient (out of three) with bilateral mixed hearing loss revealed soft
tissue opacification of the right middle ear, but no malformations. Another patient with
unilateral mixed hearing loss had an anterior inferior cerebellar artery loop on the same
side (left) as the ear with mixed hearing loss, shown on Magnetic Resonance Imaging
of the petrous bone including the cerebellopontine angle. However, no specific cause
for the hearing loss could be found. The last patient with unilateral mixed hearing loss
was diagnosed with a tympanic membrane perforation on both ears, but no other
pathology potentially causing the mixed hearing loss was identified.

Hearing thresholds in relation to age

Figure 2 shows the mean AC and BC threshold plotted against the age of patients.
The linear regression line shows no relation between hearing thresholds and age for
average AC thresholds (p=0.43). However, age was significantly related to average BC
thresholds (p=0.03), the slope for this linear regression line was very small (0.27). There
were two outliers (two ears from one patient), aged 29 years with poor hearing. In the
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sensitivity analysis without these outliers, there was no significant relation between
age and AC or BC hearing thresholds (p=0.38 and p=0.46 for average AC and BC
hearing thresholds respectively). Median age of patients with OME during most recent
audiogram was 7 years (range 3 to 14 years). Age at time of most recent audiogram
was not related to the presence of OME (p=0.11).

2 -2 z -2
o [22]
o 0 4 bl 0 1
£ £
3 20 A & 20 4
o ©
< 40 A < 40 A
8 g
£ 60 - £ 60 1
oo a0
£ 80 £ 80 1
(] ©
L 100 1 1 1 1 1 1 2 100 1 L 1 1 1 1 1 1
2 6 10 14 18 22 26 2 4 6 8 10 12 14 16 18 20
Age in years Age in years
a. b.

Figure 2. Average hearing thresholds plotted against age and linear regression lines.

P5 and P95 of bone conduction (black) and air conduction (grey) thresholds are shown in dotted
lines, linear regression lines are shown in continuous lines.

a. Linear regression analysis: no relation between age and air conduction thresholds (p=0.43),
and a significant relation between age and bone conduction thresholds (p=0.03).

b. Results without two outliers. Linear regression analysis: no relation between age and air
conduction thresholds or bone conduction thresholds (p=0.38 and p=0.46 respectively).

Progression over time

In 104 ears at least two audiograms were available with at least one-year interval
(Figure 3). 31 of these 104 ears showed worsening of the AC threshold at 1 kHz (median
decrease 10 dB (range 5 to 50 dB)), 18 ears had exactly the same PTA over time and
55 of 104 ears showed improvement (median improvement 10 dB (range 5 to 35 dB)).
In 23 of 104 ears at least 20 dB difference was shown (range 20-50 dB) between the
first and most recent AC threshold at 1 kHz. Nine of these 23 ears showed worsening
(median 20 dB) whereas the remaining 14 ears showed improvement (median 27 dB).
Of those 23 ears, 13 ears were diagnosed with an otologic abnormality during otoscopy
at time of first or most recent audiogram, four had a tympanic membrane perforation,
six ears had (otoscopically confirmed) OME and two ears had OMA in combination
with a grommet in place. One ear had a recurrent stenosis of external auditory canal,
not present at time of first audiogram.

For BC at 1 kHz, 37 of 104 ears had the same hearing level over time, 40 ears
showed improvement (median improvement was 5 dB (range 4 to 20 dB) and 27 ears
(24 ears before multiple imputation) showed worsening (median decrease 9 dB (range
4 to 26 dB). Seven of 104 ears showed a difference of >20 dB in BC at 1 kHz between
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first and most recent audiogram. Evaluation of other frequencies shows a roughly
similar trend (Figure 4).

E 0- T First audiogram (median age: 4 years)
i% -4~ ACthresholds
35 -2~ BC thresholds
© 401
ﬁ Most recent audiogram (median age: 8 years)
£ 80 -8- AC thresholds
2 -©- BCthresholds
©
£ 1201
T T T 1 3
0.5 1 2 4
Frequency (kHz)

Figure 3. Median thresholds of first and most recent audiogram of 104 ears.

Worsened >20 dB Improved >20 dB
Frequency (kHz)
I - PTA* ] v
I - 4] 1
L 2 ]
[ 1
L 1
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» ® P ° S ° N © ®
Number of ears Number of ears

[ AC thresholds
BC thresholds

Figure 4. Numbers of ears with an improvement or worsening of >20 dB between first and most
recent audiogram.
Abbreviation: Pure tone average (PTA)

DISCUSSION

We described the otologic features of 199 patients and the audiometric results of
163 ears with 22q11DS. Hearing loss was frequently present in our study population
and was predominantly conductive with a mild severity. Previous studies regarding
22911DS report similar results.}t-1167 Conductive hearing loss in patients diagnosed
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with 22q11DS is associated with recurrent otitis media.’0-4167 Consistent with this
finding, the cause of hearing loss in the present population is also related to otitis
media. This appeared in different forms: some children suffered from OME at time of
audiometric evaluation, some were diagnosed with a tympanic membrane perforation,
which resulted after otitis media or grommet insertion, while another patient showed
damage in the middle ear due to chronic otitis media (tympanosclerosis involving the
ossicular chain).

At time of the most recent audiogram, 22.5% of all ears had OME. This number is
higher compared to the normal population, where the reported prevalence of children
aged 7.5-8 years is around 6%.?° In another study on healthy children with a broad
age range (5-14 years), such as our population, an overall prevalence of OME of 6.8%
was found.*® In (non-syndromatic) children with a cleft palate, otitis media is also
very common and suggested to be caused by Eustachian tube dysfunction.3% A cleft
(mostly submucosal) is frequently present in the 22g11DS population.>!° Possibly, in
patients with a cleft and in patients with 22q11DS otitis media is caused by the same
pathophysiology. Especially since in mouse models for 22q11DS a hypoplastic levator
veli palatini muscle was found.??

AC hearing thresholds seemed not to change with aging in our population.
Moreover, age was not related to OME during most recent audiogram. This suggests
that children with 22911DS continue to be at risk for otitis media with effusion as they
age. This is consistent with Reyes et al. who found the same prevalence of OME in age
younger than 3 years, 4-7 years and older than 7 years.'® In the normal population the
prevalence peak of OME is at 6 months to 4 year of age, after that age the prevalence
decreases.*3°

Surprisingly, none of our patients had a pure sensorineural hearing loss and mixed
hearing loss was only seen in four ears. This prevalence is considerably lower compared
to other studies.*'214-18 One possible explanation for our low rate of sensorineural
hearing loss is the fact that pure tone audiograms were only available in 51% of our
study population. Theoretically, patients with mild hearing loss could have been
diagnosed more often in a general hospital rather than in our tertiary care center. This
would underestimate our reported prevalence of hearing loss. However, this is not
supported by the fact that most of our patients with an available audiogram had mild
hearing loss. Furthermore, the rate of patients with hearing loss with an sensorineural
component differs much in reported studies (2.8-19.4%).111214-18 Patient ages were
different among these studies, whereby three studies included older patients (mean
15, 16 and 24 years),>1® compared to the other studies.*!21416 |n two studies with
young patients audiometric testing involved behavioral pure tone audiometry or sound
field testing.'**?> Although it is not possible to obtain pure tone audiometry in young
non-cooperative children, these tests are less accurate than conventional pure tone
audiometry. In addition, Zarchi et al. and Van Eynde et al. found sensorineural hearing
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loss more prominent in the high tones (Zarchi et al. tested frequencies 0.25-8 kHz and
Van Eynde et al. frequencies 0.125-11.2 kHz).**® Due to our retrospective design we
only used frequencies 0.5-4 kHz. Possibly, we missed poor BC thresholds in the high
tones, which might explain our lower sensorineural hearing loss prevalence.

Limitations

The main limitation of this study was that it was performed in a tertiary referral center.
Some of the more regular pathology such as otitis media or tympanic membrane
perforation will presumably be treated in primary or secondary care. Our number of
tympanic membrane perforations, a history of ventilation tubes or adenoidectomy
could therefore be underestimated. Another limitation is the fact that audiograms
were available in 51%; selection bias is likely since patients with assumed normal
hearing are less likely to undergo audiometric evaluation. Also, patients with OME or
other otologic anomaly are more likely to receive an audiogram, therefore our results
for otologic manifestations at time of most recent audiogram are likely overestimated.

CONCLUSION

Hearing loss and otitis media are frequently presentin patients with 22q11DS. Moreover,
our results suggest that children with 22q11DS remain susceptible for otitis media as
they age. Although conductive hearing loss is presumably largely caused by otitis
media, future studies are needed to assess the cause of sensorineural and conductive
hearing loss.
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CHAPTER 4

ABSTRACT

Background and purpose

The 22q11.2 deletion syndrome is characterized by a heterogenic phenotype, including
hearing loss. The underlying cause for hearing loss, especially sensorineural hearing
loss, isnotyet clear. Therefore, our objective was to describe anatomical malformations
in the middle and inner ear in patients with 22g11.2 deletion syndrome.

Material and methods

A retrospective case series was conducted in two tertiary referral centers. All patients
with 22g11.2 deletion syndrome who had undergone CT or MR imaging of the
temporal bones were included. Radiologic images were evaluated on predetermined
parameters, including abnormalities of the ossicular chain, cochlea, semicircular
canals and vestibule.

Results

There were 26 patients (52 ears) with a CT or MR imaging scan available. A dense
stapes superstructure was found in 18 ears (36%), an incomplete partition type Il was
suspected in 12 cochleas (23%), the lateral semicircular canal was malformed with a
small bony island in 17 ears (33%) and the lateral semicircular canal and vestibule were
fused to a single cavity in 15 ears (29%).

Conclusion

Middle and inner ear abnormalities were frequently encountered in our cohort,
including malformations of the lateral semicircular canal.
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MALFORMATIONS OF THE MIDDLE AND INNER EAR IN 22g11.2 DELETION SYNDROME

INTRODUCTION

The 22q11.2 deletion syndrome (22q11DS), also known as velocardiofacial syndrome
or DiGeorge syndrome,is caused by a microdeletion on the long arm of chromosome
22 and has a heterogenic phenotype.!-3 Otolaryngologic manifestations are frequently
present; most well-known clinical otolaryngologic features are velopharyngeal
insufficiency, cleft palate, recurrent otitis media and hearing loss. Hearing loss is
most commonly the conductive type and might merely be related to recurrent otitis
media.*” However, sensorineural or mixed hearing loss have also been described.*>7-1

The underlying cause for hearing impairment, especially the sensorineural
component, is still not understood. There are case reports, describing middle or inner
ear malformations on radiologic imaging.?>=*> Recently, a cohort study was conducted
where CT images of the temporal bones of 11 patients with 22q11DS were analyzed. This
study found middle ear malformations as well as cochlear, vestibule and semicircular
canal malformations.’® The anatomical malformations could be present due to genetic
abnormalities leading to an error in the embryologic phase. Mouse studies have identified 4
Tbhx1 as a candidate gene responsible for ear abnormalities in 22q11DS.1%-*° Inactivation
of Thx1 in the otic vesicle in mice leads to disruption of inner ear development.2®

The aim of this study was to describe anatomical malformations of the middle and
inner ear in these patients, shown on CT and/or MR imaging.

MATERIAL AND METHODS

We conducted a retrospective study in the University Medical Center Utrecht and
Children’s Hospital of Philadelphia. All patients diagnosed with 22q11DS, confirmed
with a microdeletion, who received a CT or MR imaging scan of the temporal bones
before May 2017 were included. Radiologic images from Children’'s Hospital of
Philadelphia were de-identified and sent to the University Medical Center Utrecht for
analysis. An approval from the institutional review board from Children’s Hospital of
Philadelphia was obtained and the Medical Ethics committee of the University Medical
Center Utrecht deemed this study exempt from review.

The first author and F.A.P (head and neck radiologist with > 20 years’ experience),
evaluated the radiologic studies to determine the nature and prevalence of temporal
bone abnormalities based on the following predetermined features. We assessed,
ossicular chain abnormalities, course of the facial nerve, malformations of the
cochlea, malformations of the semicircular canals, vestibule widening, enlargement of
the vestibular aqueduct and carotid canal dehiscence. We scored features as present,
partially present or absent. We measured the bony island of the lateral semicircular
canal (LSCC) and vestibule width to compare with previously defined normal
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measurements.?! The bony island was considered normal when the axial diameter was
between 3.0 and 4.4 mm. For the vestibule width an axial diameter between 2.8 and
4.0 mm was considered normal. For assessing the density of hearing ossicles, to our
knowledge no normal ranges in densities are described in literature; therefore, we
relied on the expertise of our head and neck radiologist. When one of the hearing
ossicles displayed an increased density and/or general thickening (especially the
stapes superstructure), we recorded this ossicle as ‘dense’.

The medical records were reviewed to determine the primary reason for obtaining
CT or MR imaging and to collect data including pure tone audiogram information.
Furthermore, tympanometry information, history of chronic otitis media and history
of dizziness of balance problems were collected. Hearing loss was defined as a pure
tone average (average of 0.5, 1, 2 and 4 kHz) of more than 20 decibel hearing level
(dB HL), in concordance with the American Academy of Otolaryngology-Head and
Neck Surgery 1995 guidelines.?? Conductive hearing loss was considered when the
average air conduction threshold was >20 dB, and the air-bone gap was >10 dB at
>1 frequencies. Sensorineural hearing loss was defined as hearing loss with an air-
bone gap <10 dB in all frequencies and mixed hearing loss as an average air and bone
conduction threshold of >20 dB, and an air-bone gap of >10 dB at >1 frequency.
Tympanometry results were classified into class A (representing the normal situation),
class B (flat curve, indicating middle ear effusion), type C (negative peak pressure), type
As (a small pressure peak, representing a decreased mobility of the ossicular chain) and
type Ad (a high pressure peak, indicating an increased mobility of the ossicular chain).

RESULTS

Baseline characteristics

Out of approximately 300 patients followed at the University Medical Center Utrecht
and the 1300 patients from Children’s Hospital of Philadelphia, 26 patients (52 ears), 14
male and 12 female, underwent radiologic imaging of the temporal bones (11 patients
from the University Medical Center Utrecht, 15 patients from Children’s Hospital of
Philadelphia). The indication for imaging was hearing loss which could not be explained
by otoscopic findings (n=10), chronic otitis media (n=13), both unexplained hearing loss
and chronic otitis media (n=2), or aural atresia (h=1). MR imaging was performed in one
patient, all other patients underwent CT of the temporal bones. One patient likely had a
second genetic disorder, in addition to a microdeletion on chromosome 22q11.2.

Radiologic outcomes
Radiologic findings are shown in Figure 1.
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Carotid canal dehiscence

Cochlea: incomplete partition type Il

LSCC fused with vestibule to a single cavity:
LSCC malformation: small bony island
Dense stapes superstructure

Dense malleus

0 5 10 15 20

Number of ears

Figure 1. Radiologic malformations of the middle and inner ear encountered in 52 ears.
Abbreviation: Lateral semicircular canal (LSCC)

Middle ear

Aural atresia was seen affecting the external auditory canal and middle ear in one ear. 4
The middle ear was small and contained one rudimentary hearing ossicle. No stapes,

stapes footplate or facial nerve could be identified. This ear belonged to the patient

with a possible second genetic disorder. Eighteen ears (36%) (13 patients) were found

to have a dense stapes superstructure (Figure 2) and in two ears (one patient) the

manubrium of the malleus was dense. No other abnormalities of the malleus or incus

were encountered.

A. B.

Figure 2. A. Axial CT image of the left mastoid of a different patient showing a normal stapes
superstructure for comparison to Figure 2B. B. Axial CT image of the right mastoid showing a dense
and thick stapes superstructure. The pure tone audiogram of this patient is shown in Figure 5B.
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Inner ear

Malformations of the cochlea and vestibular system were seen. As shown in Figure 1,
an incomplete partition type Il of the cochlea was suspected in 12 ears (23%) (seven
patients). This malformation was frequently subtle and easy to overlook (Figure 3).

In 17 ears (33%) (11 patients) the bony island of the LSCC was small (Figure 4),
measuring between 2.6 and 1.1 mm. No evidence of widening of the vestibule was
observed, including in the ears with a small bony island (widest vestibule measured
3.9 mm). In 15 ears (29%) (nine patients) the LSCC and vestibule were fused to a single
cavity (Figure 5). Two patients had an LSCC with a small bony island in one ear and
a single cavity in the contralateral ear. In addition, in one ear with a normally formed
LSCC, there was a disruption of the posterior semicircular canal, consisting of two
limbs not connected to each other. Superior semicircular canal dehiscence was seen
in one ear. Last, in five ears (10%) (four patients) a dehiscence of the carotid canal
was present (Figure 6). The vestibular aqueduct and the facial nerve were normal in
all cases, except in the ear with an aural atresia where the facial nerve could not be
identified.

Hearing Level in dB

60 T T T T T 1

Frequency in Hz

A. B.

Figure 3. A. Axial CT image of the right mastoid showing an incomplete partition type Il of the
cochlea. The basal turn (BT) of the cochlea is intact, the apical and middle turn (A/M) seem
confluent. B. A pure tone audiogram of the same ear showing normal hearing.

Legend: o unmasked air conduction threshold, [ masked bone conduction threshold.
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Hearing Level in dB

T T T 1
250 500 1000 2000 4000 8000
Frequency in Hz

A. B.

Figure 4. A. Axial CT image of left mastoid bone showing the lateral semicircular canal (LSCC)

with a small bony island. B. A pure tone audiogram of the same ear showing a mild conductive
hearing loss.

Legend: x unmasked air conduction threshold, ] masked bone conduction threshold.

Hearing Level in dB

250 500 1000 2000 4000 8000
Frequency in Hz

A B.
Figure 5. A. Axial CT image of right mastoid bone. The bony island of the lateral semicircular
canal is missing and the canal and vestibule are composed of a single cavity (SC). B. A pure

tone audiogram of the same ear showing conductive hearing loss, more pronounced in the low
frequencies.

Legend: See Figure 3.
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Figure 6. Axial CT image of right mastoid bone showing a carotid canal dehiscence (C).

Audiologic findings

Twenty-seven ears belonging to 18 patients showed hearing loss on a pure tone
audiogram. Sixteen ears had conductive, six ears sensorineural and five ears mixed
hearing loss. The median pure tone average of the ears with hearing loss was 33.75 dB
HL (range, 21 — 100 dB HL). In one patient there was no pure tone audiogram available.
This patient had received a visual reinforcement audiometry and a brainstem evoked
response audiometry, which was suspected for a pure sensorineural hearing loss in
the right ear and a mixed hearing loss in the left ear. The patient with an aural atresia
did not have audiogram of the atretic ear. The type of hearing loss compared with the
encountered anatomic malformations is summarized in Table 1. Tympanometry was
performed in 42 ears, in four ears the test had failed and in the remaining six ears,
no tympanogram was available in the medical files. A normal tympanogram (type A)
was present in 18 ears, a type B was present in five ears, a type C in three ears, a type
As in ten ears, a type Ad in one ear and in five ears a large volume was shown on
tympanometry. The tympanometry results from the ears with middle ear abnormalities
are shown in Table 1. Of the 12 ears with a dense stapes superstructure and an available
tympanogram, three ears had a type As tympanogram, indicating a decreased mobility
of the ossicular chain.

Otologic and vestibular findings

Five patients had no history of recurrent otitis media. All other patients (n=21) had
either recurrent otitis media with effusion (OME) or recurrent acute otitis media (OMA),
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or both. All patients with a dense hearing ossicle had a history of recurrent otitis media.
Regarding vestibular symptoms, one patient was reported to experience occasional
dizziness and another patient showed normal compensatory eye movements when
testing the vestibulo-ocular reflex. The patient with occasional dizziness had an LSCC
with a small bony island on one side and a single cavity on the other side. In the patient
with normal compensatory eye movements, the vestibule and LSCC were bilaterally
fused to a single cavity. We presume that no other patient had vestibular symptoms
because these symptoms were not mentioned in the medical records.

Table 1. Number of ears with audiometric results per anatomical malformation

Pure tone audiometry Tympanometry**
Malformation No HL HL Type
(%) C(%) SN(%) M(%) PTArangeindB A B C As Ad LV
Dense malleus 2 (100) - - - - - - - - -
Dense stapes superstructure 7 (39) 6(33) 1(6) 4(22) 21 - 100 3 3 1 3 - 2
IP type |l 5(42) 3(25 1@®)* 3(25 38 - 100
LSCC: small bony island 7(41) 4(24) 3(18)* 3(18)* 35 -100
LSCC: single cavity 6(40) 5(33) 2(13) 2(13) 25 - 96

* Including one ear measured with VRA and BERA

** The number of ears do not count up to the total number of ears with a malformation due to missing data.
Abbreviations: Hearing loss (HL), Conductive (C), Sensorineural (SN), Mixed (M), Pure tone average (PTA), large
volume (LV), incomplete partition (IP), lateral semicircular canal (LSCC)

DISCUSSION

By pooling data from two large centers (University Medical Center Utrecht and
Children’s Hospital of Philadelphia), we have presented the largest series describing
radiographic malformations found in the middle and inner ears of patients with 22q11DS,
to our knowledge. In a similar study by Loos et al., CT scans of the temporal bones of
11 patients were analyzed.’® Table 2 compares the total number of middle and inner
ear malformations described in each study. Perhaps the most interesting but incidental
finding was when the LSCC and vestibule consisted of a single cavity, as was seen in
29%, and when the LSCC was malformed with a small bony island, present in 33%.

Inner ear malformations

Regarding the specific types of vestibular malformations described in literature, those
that resulted in a single cavity have previously been described in two case reportst* as
well as by Loos et al. (Table 2).1* Other vestibular malformations were also reported in
literature. One study retrospectively reviewed brain MR imaging and MRA scans of 24
patients with 22q11DS and found a vestibular dysplasia (The figure in the article showed
a single cavity) in 13% of patients. None of these patients had sensorineural hearing
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loss.? This is a lower prevalence than we found. This could be due to the selection of
our patients. The indication of radiology in the Bohm et al?® study were unexplained
developmental delay, seizures of unknown etiology, and unilateral weakness,?* whereas
the indication in our population was mainly hearing loss or otitis media. Furthermore,
they did not report on a malformed LSCC with a small bony island or an incomplete
partition type Il of the cochlea.?* These abnormalities are more subtle and likely more
difficult to detect on brain MR imaging compared with an MR imaging of the temporal
bones. In addition, two case reports described three patients who had bilateral poorly
formed LSCCs, and one patient who had bilateral dilation of the vestibule.’*?* Loos
et al. also described 14 ears with a wide vestibule, of which three also had a wide
LSCC.*® As described by Casselman et al. the vestibule can be considered large when
the surface of the bony island of the LSCC is < 6 mm?2.2> Therefore, we can assume
that the malformed LSCC with a small bony island in our series of patients is the same
anomaly as a wide vestibule reported by Loos et al, even though the vestibule was in
our patients, in absolute terms, not wider than normal considering the measurements
described by Purcell et al.#

Table 2. Overview of number of ears with middle and/or inner ear abnormalities reported by Loos
et al.!® and in the present study

Loos et al.!6; Present study; Total number of

Malformation number of ears (%) number of ears (%) ears (%)
(total 22 ears) (total 52 ears) (total 74 ears)
Malleus, incus or stapes abnormalities? 2(9) 3 (6°) 5(79)

Dense stapes superstructure 10 (45) 18 (36°) 28 (399
LSCC: single cavity 4(18) 15 (29) 19 (26)
Wide vestibule / small bony island in LSCC 14 (64) 17 (33) 31(42)
IP type Il 12 (55) 12 (23) 24 (32)
Carotid canal dehiscence 2(9) 5 (10°) 7 (109

Abbreviations: Lateral semicircular canal (LSCC), Incomplete partition (IP).

a Other than a dense stapes superstructure ® Calculated from a total of 50 ears; bone structures in two ears in
the present study could not be assessed on MR imaging © Calculated from a total of 72 ears; bone structures in
two ears in the present study could not be assessed on MR imaging

Malformations of the inner ear may result from an error in one of the developmental
stages in embryogenesis. A malformed LSCC can occur in combination with normally
shaped superior and posterior semicircular canals, because the LSCC is developed later
compared with the superior and posterior semicircular canals.?® Between four and five
weeks of gestation, the development of the membranous semicircular canals begins.
They develop from the dorsal region of the otocyst, which enlarges, and with resorption
of the medial walls, a semicircular shaped duct is formed.?” An error in this resorption
will result in a confluent vestibule and canal.?® This was the case in 15 ears in our cohort.
In patients with a malformed LSCC with a small bony island, but without a fusion of the
canal and vestibule, the development is presumably disrupted at a later stage.?”?°
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From our chart reviews, clinical findings that may have been directly attributed to
inner ear vestibular problems such as vertigo or balance problems, were not present
in those who had a malformed LSCC on imaging studies. Absent vestibular symptoms
in patients without 22911DS with a malformed LSCC were reported in previous
studies.**-32 However, more subtle balance problems have frequently been described in
the 22q11DS population.®-% Many of these symptoms can relate to other neuromotor
deficits,?® including motor delay3¢-3® or hypotonia®3383°, but vestibular problems could
also play a role. Prospective research is needed to assess the possible relation between
anatomical malformations of the vestibular system, vestibular function and motor
delay in patients with 22q11DS.

A subtle incomplete partition type Il was frequently found in our patients. These
findings are consistent with those in the study of Loos et al. (Table 2).}6 An incomplete
partition type Il of the cochlea derives from a developmental arrest at the seventh
week of gestation. Here the cochlea has 1.5 turns and there is a defect at the apex of
the cochlea between the middle and apical turns. The basal turn and basal part of the
modiolus are normally developed.*® Other cochlear malformations in 22q11DS have 4
also been previously reported. Loos et al. reported on two ears with a large basal turn
length.!® One patient described by Devriendt et al. had a malformed cochlea, where
the basal turn was broad and the second and apical turns were short.*?

At a genetic level, both the vestibular and cochlear malformations described in our
patients may be associated with Thx1. In patients with 22q11DS Thx1 is hemizygously
deleted. In mutated knockout TbxI7 mice, the vestibular system and cochlea are
absent.?** Mouse models show an expression of Thx1 in the otic vesicle, which forms
the membranous inner ear, and in the periotic mesenchyme, which forms the otic
capsule and later the bony labyrinth.!*# Studies have indicated that the expression of
Thx1 in the periotic mesenchym is necessary for cochlear outgrowth.#>4% In addition,
Tbx1 is required for outer and middle ear development.2944

Hearing impaired as normal hearing ears were found to have a dense stapes
superstructure, incomplete partition type Il of the cochlea or a malformed LSCC in this
study. However, the relation between hearing loss and abnormalities of the middle or
inner ear was not within the scope of this report because selection bias undoubtedly
plays a large role. Due to the retrospective design, patients with hearing impairment
are more likely to undergo imaging with CT, compared to patients with normal hearing.
In fact, the indication for the radiologic imaging in 12 patients was unexplained hearing
impairment.

We found five ears with a dehiscence of the carotid canal. A carotid canal dehiscence
is present in approximately 7% of the general population,*54% in which case our findings
suggest a slightly higher prevalence in patients with 22q11DS (10%). In patients with a
carotid canal dehiscence the internal carotid artery is (partly) no longer protected by a
bony shield and is exposed in the middle ear. Since patients with 22q11DS often suffer
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from middle ear infections requiring grommet insertion or even middle ear surgery,
otorhinolaryngologists should be aware of the possible presence of a carotid canal
dehiscence in patients with 22q11DS.

Middle ear abnormalities

We found one ear with an aural atresia, affecting both the external auditory canal and
the middle ear. This patient may have had also a second genetic disorder. Therefore,
in this patient, the aural atresia could have been attributed to a disorder other than
22q11DS. Aural atresia has previously been described in 22q11DS by Digilio et al. and
by Derbent et al.#4® The patients reported both by Digilio et al. and Derbent et al.
all showed features resembling the oculo-auriculo-vertebral spectrum in addition
to 22q11DS.#48 Patients with the oculo-auriculo-vertebral spectrum show defects in
organs deriving from the first and second pharyngeal arch. As a result, aural atresia is
frequently observed.* Also concluded by Digilio et al. features resembling the oculo-
auriculo-vertebral spectrum could occur in patients with 22q11DS,*® perhaps more
frequently than expected.

In addition, 18 ears with a dense stapes superstructure were encountered. We
acknowledge that the diagnosis of a dense stapes superstructure is subjective and
these results should be viewed with caution. In the literature we could not found
information on a standardization of the CT density of hearing ossicles. However, when
analyzing the CT images of our patients, a dense stapes superstructure was relatively
easy to detect by visual analysis. Furthermore, Loos et al. found approximately the same
number of patients with a dense stapes superstructure (36% vs 45%).1% This suggests
that this finding may be a feature present in patients 22q11DS, although at present,
we do not know its clinical significance. We initially assumed that the dense stapes
superstructure was a result of chronic otitis media (ie tympanosclerosis). However, in
the study from Loos et al., one patient showed this abnormality on day of life 9. This
indicated a congenital instead of a post infectious cause, as stated by the authors.!®
Possibly, the dense stapes superstructures we encountered were also of congenital
origin. Moreover, only three of the 12 ears with a dense stapes superstructure in
the present study showed signs of a stiffened ossicular chain on a tympanogram,
suggesting a possibly different entity than tympanosclerosis.

Except for a dense manubrium of the malleus and dense stapes, we did not find
other abnormalities of hearing ossicles. Much of the affected organs in patients with
22q11DS are derived from the pharyngeal arches.? Although the more caudal arches
are more affected in 22q11DS* and hearing ossicles develop from the cranial arches
(malleus and incus form the first and stapes from the second pharyngeal arch), we
expected to encounter more middle ear malformations. Anomalies of hearing ossicles
in 22q11DS are reported in literature. The first was a patient with conductive hearing
loss present since birth, whose imaging revealed ‘malformation and subluxation of
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the stapes’.** Another report described two patients, one patient had a ‘fusion of the
malleus with the incus and a monopodal stapes’, shown on CT. CT images of the
other patient revealed a ‘fixation of the malleus at the annulus tympanicus’.®® This latter
malformation was also encountered by Loos et al. in two ears where, in addition, the
long process of the incus was thin and horizontally oriented.!® Furthermore, another
study described one patient with a bilaterally malformed malleus and incus and one
patient with a unilateral fusion of the malleus with the lateral wall of the middle ear.?*
The main limitation in this study is selection bias due to the retrospective design.
Only patients with a clinical indication, most likely unexplained hearing loss or chronic
or recurrent otitis media, were likely to have undergone radiologic imaging. Therefore,
no realistic prevalence should be extracted from this study. The primary purpose of the
study was to describe the more common vestibular and cochlear malformations and to
consider associations with balance and hearing problems in those who have 22q11DS.
Furthermore, some of the encountered abnormalities, especially the incomplete
partition type Il, are very subtle. Likely there would be interobserver variability when
the same images were also evaluated by a different team. 4

CONCLUSION

Cross-sectional imaging of the temporal bones in a 22q11DS cohort of 26 patients is
presented and a review of the literature is performed. A dense stapes superstructure,
suspected incomplete partition type Il of the cochlea and LSCC malformations were
frequently encountered.

Future studies in these patients should preferably include vestibular testing because
balance problems are known to contribute to motor development delay in children.
Correlation between LSCC malformations and vestibular function would be of interest.
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CHAPTER 5

ABSTRACT

Patients with 22q11.2 deletion syndrome frequently have conductive hearing loss and/
or chronic otitis media. Otologic surgery is often opted for. We present two patients
undergoing otologic surgery. This case report outlines the typical otologic surgical
challenges in patients with 22g11.2 deletion syndrome.

Case one is a 52-year-old male patient with chronic otitis media who underwent
a mastoidectomy. The pre-operative CT scan showed a fused lateral semicircular
canal and vestibule. Peroperatively, the lateral semicircular canal could not be used
as a landmark to identify the facial nerve. Case two is a 10-year-old female patient
with conductive hearing loss. A middle ear inspection was performed where a bony
epitympanic fixation of the malleus was encountered. In addition, the manubrium of
the malleus was atrophic and also fixated. The bony fixation was removed, as was the
manubrium of the malleus.

Otologists should be aware of these typical anatomical variations of patients in
22q11DS. We recommend to use CT scanning of the middle and inner ear when
preparing for otologic surgery in 22q11.2 deletion syndrome.
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INTRODUCTION

The 22q11.2 deletion syndrome (22ql11DS), also known as DiGeorge syndrome or
velocardiofacial syndrome, is caused by a microdeletion on chromosome 22 and is
the most frequent microdeletion syndrome in humans, occurring in approximately 1
in every 3000 to 6000 live births.! It has a heterogeneous presentation with a broad
range of manifestations such as cardiac anomalies, immunodeficiency, velopharyngeal
insufficiency and otologic problems. The severity of health issues varies within the
22911DS patient population.t? Otologic manifestations reported in the literature are
conductive or sensorineural hearing loss, the former being the more prevalent. Patients
can suffer from recurrent or chronic otitis media, warranting surgical treatment in
some cases.>® Anatomical malformations of the middle and inner ear have also
been described. Among the otologic anatomic malformations found in patients with
22q11DS are ossicular chain anomalies, a malformed lateral semicircular canal and a
fused lateral semicircular canal and vestibule.®"'2 During mastoidectomy, the lateral
semicircular canal is an important landmark for the inner ear in relation to the facial
nerve.® A limited number of reports have been provided thus far regarding 22q11DS
and otologic surgery. We report two patients with 22q11DS who underwent otologic
surgery and were found to have anatomical malformations of the middle and inner
ear. Itis of value to be acquainted surgically with the possible anatomical variations, to
avoid surgical complications (i.e. deaf ear, iatrogenic damage to the labyrinth or facial
nerve) and to plan ossicular chain surgery.
Informed consent was obtained of both described patients and/or parents.

Casel
A 52-year-old man with known 22g11DS has visited our tertiary otologic clinic regularly
for eight years due to chronic middle ear infections, for medical treatment of his
chronic otitis media. He had an extensive medical history including diabetes mellitus
type 2, morbid obesity, hypertension, Asperger syndrome, asthma, hypoparathyreoidy,
anemia and obstructive sleep apnea. His otorhinolaryngologic history included
pharyngoplasty at age 4, mastoid and ear surgery including mastoidectomy with attico-
antrotomy on the left side at 7 years of age, revision surgeries performed at 11, 27 and
46 years old and chronic rhinosinusitis with nasal polyps. Audiometry tests showed a
progression of preexistent mixed hearing loss over time. The CT scan showed a dense
stapes superstructure, and the vestibule and lateral semicircular canal were fused to a
single cavity (Figure 1) These malformations were present bilaterally. The cochlea was
formed normally.

Due to persistent chronic otitis media he underwent revision surgery on the
right side. A meatoplasty was performed to improve the diameter of the introitus of
the external auditory meatus. A revision mastoidectomy was performed revealing
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inflammatory tissue which was removed. The ossicles were intact and freely mobile.
Identification of the facial nerve was challenging due to the malformed semicircular
lateral canal, the facial nerve taking a relatively more lateral course. No iatrogenic
damage to either structure was reported during surgery. The mastoid was obliterated
with bone dust, with a bone chip closing the antrum. No cholesteatoma was
encountered. Pure tone audiometry two months post-surgery was unchanged with a
mixed hearing loss bilaterally (Figure 2).

Figure 1. An axial CT scan of the right mastoid bone of patient 1.

The lateral semicirculair canal is fused with the vestibule to a single cavity.

Legend: LSCC = lateral semicirculair canal. BT = basal turn of the cochlea. IAC = inner auditory canal.
FN = facial nerve. ME = middle ear.
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Figure 2. Pre- and postoperative hearing thresholds of the right ear of patient 1.
Legend: [-[ = postoperative bone conduction thresholds. o—o = postoperative air conduction thresholds.
0--0 = preoperative air conduction thresholds.
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Case 2
A10-year-old female patient with known 22q11DS was seen at our otorhinolaryngologic
department for 8 years. Her relevant medical history includes cardiac anomalies (atrial
septal defect, ventricular septal defects and pulmonary artery defect), conductive
hearing loss bilaterally (Figure 3), malformed ossicular chain and narrow ear canals.
The patient underwent tympanostomy tube placement due to Eustachian-tube
problems at 3 years of age. The patient wore hearing aids since the age of 4. The
indication for middle ear inspection was made, due to a conductive hearing loss and
problems wearing hearing aids in combination with glasses. Pre-operatively, a CT scan
was performed to assess the middle and inner ear. This showed a more horizontal
orientation of the incus, epitympanic ossicular fixation (Figure 4) and dehiscent facial
nerve canal on the left side.

A middle ear inspection and ossicular reconstruction on the left side was performed.
A retroauricular incision was made, the external auditory canal was saucerized and
widened both anteriorly and posteriorly. There was an epitympanic fixation of the
malleus, which was curetted. In addition, the manubrium of the malleus was atrophic
and anteriorly fixated, and therefore removed. This resulted in a mobile ossicular chain.
Audiometry tests showed a hearing improvement of frequencies 0.25, 5, 1 and 2 kHz.
(Figure 3)

dB HL
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1 2 0 T T T T T 1
250 500 1000 2000 4000 8000
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Figure 3. Pre- and postoperative hearing thresholds of patient 2.
Legend: -] = postoperative bone conduction thresholds. x-x = postoperative air conduction thresholds. x- -x
= preoperative air conduction thresholds.
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Figure 4. An axial CT scan of the left mastoid bone of patient 2.
There is an epitympanic fixation involving the malleus.
Legend: FN = facial nerve. | = incus. M = malleus. ME = middle ear.

DISCUSSION

The exact prevalence of clinical otologic manifestations in patients with 22q11DS is
unknown in the current literature partly due to reporting heterogeneity.® Otologists
should be aware of the increased risk for middle- and inner ear malformations that have
been reported in 22q11DS patients, since typical otologic problems in 22g11DS might
need surgical interventions.** Pre-operative radiologic screening in otologic surgery is
warranted in patients with 22g11DS to identify these anatomical malformations.

We present a case of a 22qll1DS patient with an abnormally formed lateral
semicircular canal, which is an important landmark to identify the facial nerve during
surgery in normal temporal bones. This makes identification of the facial nerve more
challenging. The nerve took an abnormal, more lateral course in relation the lateral
semicircular canal. The facial nerve could be identified using the short process of
the incus, and digastric ridge as landmarks.** In addition, intra-operative facial nerve
stimulation is very useful in identifying the facial nerve.®®

Bilateral and unilateral malformations of the lateral semicircular canal are reported
to be one of the most common radiological inner ear malformations and are associated
with sensorineural as well as conductive hearing loss.**Y” Inner ear anomalies in 22q11DS
patients, concerning the lateral semicircular canal have been reported previously. One
case series retrospectively assessing imaging, found a malformed lateral semicircular
canal with a small bony island in 33% of the 52 ears, and a lateral semicircular canal
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and vestibule fused to a single cavity in 29% of ears.!t Another study found a fused
vestibule and lateral semicircular canal in 18% of 22 ears, and a wide vestibule in 64%
of ears.!® Possibly, a malformed semicircular canal with a small bony island and a
wide vestibule describe the same deformity. One case report described a fused lateral
semicircular canal and vestibule in one patient and a dysplastic semicircular canal
in another patient.?? Another study reported on a patient with poorly formed lateral
semicircular canals bilaterally and another patient with bilateral vestibular dilatation.*

Our second case was a patient with an anomaly of the ossicular chain, resulting
in conductive hearing loss. This was a Class Ill middle ear anomaly, according to
the Teunissen Cremers classification.’®* A Class Il compromises an ossicular chain
malformation with a mobile stapes footplate.

Vincent et al. published a case series and literature review analyzing audiometric
results following surgical treatment of Teunissen and Cremers Class Il patients.’® They
reported an postoperative air-bone gap closure tot 10dB HL or less in 63%, and an
postoperative air-bone gap closure to 20dB or less in 75%.%° In our patient, although
her hearing improved mainly in the low frequencies, the air-bone gap postoperatively
was 25dB HL, averaged over frequencies 0.5-4kHz. In the series by Vincent et al. a
malleus fixation was encountered in three patients. In all three cases a bony bridge
between the malleus and outer meatus was drilled out, leaving the ossicular chain
intact. They had a post-operative air-bone gap of 31dB HL, 4 dB HL and O dB HL
subsequently.?®

Zhan et al reported on five pediatric cases with an isolated malleus fixation. An
ossified mallear ligament was dissected if present, and the bone responsible for the
fixation was removed. Postoperatively, they had an air-bone gap of 0 — 15dB HL.?°
Unlike the cases of Vincent and Zhan et al, in our case the malleus handle was also
removed, perhaps explaining the remaining air-bone gap.

In the meta-analysis of Crutcher et al. ossicular chain mobilization was compared to
ossiculair chain reconstruction (removing malleus head and incus and reconstructing
the ossicular chain) in isolated malleus and/or incus fixation. There was no statistical
difference in hearing outcome between the two techniques.®

In patients with 22g11DS arange of different middle ear malformations are described.
Loos et al described a patient with a malleus with fixation to the tympanic annulus and
a thin and horizontally oriented long process of the incus.!® Verheij et al. and Loos
et al. both reported patients with 22g11DS with a dense stapes suprastructure.’® In
addition, Verheij et al. found a dense manubrium of the malleus.** A malformation and
subluxation of the stapes was described by Cunningham et al.?2 A fusion of the malleus
and incus and a monopodal stapes was reported by DeVriendt et al.2® Jiramongkolchai
et al. described a bilaterally malformed malleus and incus and a unilateral fusion of
the malleus with the lateral wall of the middle ear.* A recent case report by Kennel et
al. described a patient with 22q11DS that underwent middle ear surgery during which
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an stapes subluxation took place. This unnatural mobility of the stapes was due to an
absent stapedial tendon and a weak connection to the oval window.'*

In summary, we present two patients with 229q11DS who underwent otologic
surgery. In the first patient the anatomy of the lateral semicircular canal was malformed,
challenging the identification of the facial nerve during mastoidectomy surgery. The
second patient had an malformed middle ear anatomy. Otologists should be aware of
these typical anatomical variations of patients in 22q11DS. We recommend to use CT
scanning of the middle and inner ear when preparing for otologic surgery in 22q11.2
deletion syndrome, in addition to intra-operative facial nerve stimulation.
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CHAPTER 6

ABSTRACT

Objective

In patients with 22q11.2 deletion syndrome congenital malformations of the vestibular
system have been reported. Our objective was to explore whether children with
22q11DS report subjective symptoms of vestibular function impairment.

Methods

A questionnaire on vestibular symptoms was developed. Children with 22q11DS
between 12 and 18 years and a control group of children aged between 12 and 18
years were asked to fill in the questionnaire. All results were descriptive.

Results

A total of 26 children with 22q11DS with a median age of 15 years (range 12-17
years) filled in the questionnaire. The control group consisted of 26 children with a
median age of 16 years (range 12-18). Children with and without 22q11DS reported to
experience dizziness. The control group showed to have more orthostatic hypotension
like symptoms such as dizziness when getting up (92% of the children in the control
group who reported dizziness compared to 54% of the children with 22q11DS who
reported dizziness). Balance difficulties were more prevalent in the 22g11DS group
(58% versus 27%). More difficult situations such as walking in the dark did not induce
more dizziness in the 22q11DS group. Children with 22q11DS started walking at an
average age of 22 months (range 12-48), compared to an average age of 13 months in
the control group (range 8-18).

Conclusion
Children with 22g11DS seem to experience balance problems, which could be an
contributing factor in motor development delay. Physiotherapy is advised to support
motor skills.
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VESTIBULAR SYMPTOMS IN ADOLESCENTS WITH 22g11.2 DELETION SYNDROME

INTRODUCTION

The 22g11.2 deletion syndrome (22q11DS) is the most prevalent microdeletion syndrome
and occurs in 1:3000-6000 live births. -3 It is characterized by a highly variable
phenotype. 245 Congenital malformations of the vestibular system have been reported
in this patient population in recent studies %7, although an association with balance
disorders or vestibular complaints has not yet been described. Our group reported on
radiologic deformities of the vestibular system in patients with 22q11DS. ¢ We found a
malformed lateral semicircular canal with a small bony island in 33% of ears, and a fused
lateral semicircular canal and vestibule to a single cavity in 29% of ears. ¢ In addition,
Loos et al. analyzed CT scans of patients with 22q11DS in another subsequent study and
found a wide vestibule in 64% of ears and a fused lateral semicircular canal and vestibule
to a single cavity in 18% of ears. 7 However, the clinical implication of these radiological
findings, was not demonstrated. The performed radiological images were indicated
in patients with other pathology (i.e. hearing loss, chronic otitis media.). Therefore
these images might not be extrapolated to all 229q11DS patients, overall. Willaert et al.
conducted a study where they found 90% (18 out of 20) 22q11DS patients undergoing
caloric testing to have uni- or bilateral weak caloric responses.® Balance difficulties
are also previously described, although this was mainly contributed to hypotonia. °*?
Moreover, vestibular difficulties could lead to motor developmental delay *-22, which
is a known feature in patients with 22q11DS.1°12 |t might be informative to know if
patients attained with balance disorders and vestibular complaints, have a concomitant
abnormality visualized on CT or MRI radiological images.

The aim of this study was to explore subjective symptoms due to possible vestibular
loss of function in adolescents with 22g11DS. This would be a preparatory study to 6
assess and quantify the amount of regular outpatient 22q11DS children with possible
non-diagnosed vestibular disorder or balance handicap. We will compare the outcome
with a control group of the general population.

METHODS

Patients

Childrenwith 22q11DS between 12 and 18 years old were included. Patients were recruited
via the Dutch 22q11DS patient society (Steun Stichting 22g11) and another study cohort
of the Psychiatric department in our university medical center. Inclusions were carried
out from April to August 2017. The control group consisted of children without 22q11DS
and was recruited from November 2019 until January 2021 via the outpatient clinic for
traumatology, and via personal contacts. The only exclusion criterion for children in
the control group was 22q11DS, the only inclusion criterion was age between 12 and
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18 years. All patients provided informed consent to participate. The patients filled in an
online questionnaire with or without explanatory support of their parents.

The Medical Research Ethics Committee confirmed that the Medical Research
Involving Human Subjects Act does not apply to this study and an official approval
by the Medical Research Ethics Committee was not required (METC protocol number
17-260/C).

Questionnaire

We developed a (non-validated) exploratory questionnaire on vestibular symptoms in
the Dutch language. We were specifically interested if children experienced dizziness or
unbalance and if more subtle vestibular symptoms were present. See Supplement 1 for the
full translated version of our developed questionnaire. The questions were first tested on
children aged 15-17 years without 22q11DS, who attended a school where they received
extra guidance in their education. This group was specifically chosen since the average
IQ of 22g11DS patients is approximately 70 2. The final version of the questionnaire was
made and distributed digitally, in an online program (NetQ version 6.5). Halfway through
the study, the University Medical Center Utrecht switched to a different online program
(Castor EDC v2019.2). All children with 22g11DS filled in the questionnaire in NetQ, the
children in the control group filled in the questionnaire in Castor.

Data analysis
This was an explorative study, all outcome data were descriptive.

RESULTS

We included 26 22gl11DS adolescents, two from the 22ql1DS patient society and
24 from the psychiatric study cohort. Subsequently 26 children were included in de
control group. Baseline characteristics are shown in Table 1. The patient and control
group were similar in age and gender, but differed in the use of medication; 23% of
children with 22q11DS used medication that could induce dizziness.

13 children with 22q11DS (56%) and 12 children in the control group (46%) were
dizzy at least once every 6 months (Table 2). The duration of dizziness was in the
control group mostly seconds, whereas in the 22q11DS group the duration varied from
15 minutes to seconds. In addition, 92% of children who experienced dizziness in the
control group were dizzy when getting up, in children in de 22q11DS the dizziness
could be induced by more divers situations. There were 15 children with 22q11DS (58%)
and seven children in the control group (27%) who indicated to experience a balance
difficulty. Seven children with 22q11DS (28%) reported they felt their surroundings
moving when they were walking or turning, which could be a sign of oscillopsia. In the
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control group one case (4%) answered this question positively.

Table 1. Baseline characteristics

Children with 22q11DS (%) Control group (%)
Median age in years (range) 15 (12-17) 16 (12-18)
Male : Female 10:16 13:13
Use of hearing aid 3(12) 1(4)
Use of medication which could induce dizziness 6 (23)* 0(0)
Use of alcohol 1(4) 7(27)
Use of recreational drugs 0 (0) 0 (0)

* The medication used was: risperidone and melatonin in one patient, melatonin in one patient, sertraline and
amitriptyline in one patient, oxcarbazepine in one patient, melatonin, clobazam and sometimes midazolam in
one patient, methylphenidate in one patient, and methotrexate in one patient.

Table 2. Questionnaire outcomes: vestibular and balance difficulties

Children with 22q11DS Control group
Dizziness frequency (total n=26) (%) (total n=26) (%)
Every day 4 15 0 0
Between once a month and once a week 5 19 8 31
Between once every 6 months and once a month 4 15 4 15
Never 10 38 10 38
| do not know 3 12 4 15
Dizziness symptoms (total n=13) (%) (total n=12) (%)
Spinning sensation* 7 58 12 100
Lightheaded* 9 82 11 92
Nausea and/or vomiting* 6 46 5 42
Dizziness duration (total n=13) (%) (total n=12) (%)
Seconds 4 31 8 67
1 minute 3 23 1 8
5 minutes 3 23 1 8
15 minutes 2 15 1 8
30 minutes 0 0 1 8
| do not know 1 1 0 0
Dizziness situation (total n=13) (%) (total n=12) (%) 6
Turning in bed 2 15 0 0
Getting up 7 54 11 92
Sitting 2 15 1 8
Walking 3 23 1 8
Riding a bicycle 0 0 1 8
Doing sports 6 46 4 33
Balance difficulties frequency (total n=26) (%) (total n=26) (%)
Always 1 4 0 0
Often 3 12 0 0
Sometimes 11 42 7 27
Never 11 42 19 73
| do not know 0 0 0 0
Balance difficulties situation (total n=15) (%) (total n=7) (%)
Getting up 5 33 3 43
Walking 8 53 1 14
Riding a bicycle 8 53 0 0
Doing sports 6 40 1 14
Other 2% 13 kel 14
Signs of oscillopsia (moving surroundings when 7 o8 1 4

walking or turning ) (n=26)*

* Children answering "I do not know" were excluded from the outcome data, therefore when calculating per-
centages the total number of children was not necessarily the same as the indicated total number of children.
** getting pushed, standing on one leg

*** standing on one leg
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Table 3 shows the number of children who reported to have more subtle symptoms
which could suggest vestibular dysfunction. Approximately the same number of
adolescents in the control group and 22q11DS group had trouble walking in the
dark or walking on uneven grounds. For the question at what age the child started
walking; we excluded answers younger than eight months since these are not reliable
answers. The 22q11DS group started walking later on average than the control group
(22 months versus 13 months). During sports six children with 22q11DS felt dizzy and
six children with 22q11DS felt unbalanced during sports, versus five children and one
child respectively in the control group. A majority in both groups enjoyed sports.

Table 3. Questionnaire outcomes: symptoms suggestive for vestibular dysfunction

Children with 22q11DS Control group
Total (% / range) Total (% / range)

Difficulty walking in the dark 10 43 1 44
Difficulty walking on uneven ground 12 46 9 36
Dizziness or balance difficulty with quick head movements 14 54 12 46
Signs of carsickness 13 50 20 78
Riding a train forwards rather than backwards 7 35 8 42
Nausea when riding a carousel 11 44 16 67
Nausea when riding a rollercoaster 4 16 0 0
Sport enjoyment 21 81 22 88
Sport participation 23 88 24 92
Median age of start walking in months (range) 22 12-48 13 8-18
Visit to a physician for symptoms of vertigo, dizziness or 5 19 > g

balance difficulties
NB Children answering “I do not know” were excluded from the outcome data therefore when calculating
percentages the total number of children was not necessarily the same as the indicated total number of children.

DISCUSSION

This descriptive study assessing 26 children with 22q11DS shows that within the
22q11DS group 59% experienced episodes of dizziness in some occasions, and 18%
was dizzy every day. The dizziness could be a lightheadedness (present in 82% of the
children with 22q11DS who were dizzy), arising when getting up from a sitting or prone
position (present in 64% of the children with 22q11DS who are dizzy). No vestibular
dysfunction was suspected in these cases as the underlying cause, presumably
orthostatic hypotension or similar conditions are suspected. In the control group
this seemed to be even more frequently present as 92% felt dizzy when getting up.
However, spinning sensations were also present (of the children who indicated to be
dizzy; 58% in the 22q11DS group and 100% in the control group). Interestingly, balance
difficulties seemed to be more present in the 22q11DS group, 58% in the 22q11DS
group versus 27% in the control group had at least sometimes balance difficulties.
Challenging vestibular situations such as walking in the dark did not induce more
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dizziness in the 22q11DS group than in the control group.

During sport activities, especially when the sport involves frequent head movements
and accelerations and decelerations, the tested vestibular system is more likely to reveal
dysfunction compared to a situation with less changes of the body posture. However,
in both groups approximately the same number children felt dizzy during sports (six
children in the 22g11DS group (46% of the children with 22g11DS who indicated to be
dizzy) and four children in the control group (33% of the children in the control group
who indicated to be dizzy)). Children with 22q11DS felt more frequently unbalanced
during sports than children in the control group (six children in the 22q11DS group
(40% of children with 22q11DS who indicated to feel unbalanced) versus one child
in the control group (14% of children in the control group who indicated to feel
unbalanced)). Still, overall the majority of children enjoyed and participated in sport
activities.

Balance, postural stability and coordination difficulties have previously been
reported in a number of studies in patients with 22q11DS.°~*2 Balance and coordination
difficulties in this patient population are mainly attributed to hypotonia!®?* and axial
instability.>* Additionally, vertigo symptoms due to vestibular dysfunction might
be another important contributing factor. This could also be the case in motor
developmental delay, which many patients with 22q11DS suffer from 122325 Motor
developmental delay in patients with 22g11DS is likely a multifactorial problem where
conditions such as hypotonia 22°> and IQ * might play an important role. In addition, it
is known that in general, vestibular loss of function also leads to a motor development
delay.®=22 Our group of children with 22q11DS started walking at a median age of
22 months. In patients with 22q11DS the possibly failing peripheral vestibular system
could be contributive to this delay. 6

Objective vestibular dysfunction is reported to be frequently present in the 22q11DS
population.® Our hypothesis therefore is that the high prevalence of the described
congenital malformations of the inner ear ¢’ is an important underlying contributing
factor for motor developmental delay and unbalance.

This study is the first to report on subjective balance problems out of a cohort of
22q11DS patients. Its value lies in its in detailed descriptive and exploratory character.
We did not statistically compare the patient group with the control group, because
this was an explorative study where we did not perform an power analysis or validated
our questionnaire. We did not use the Dizziness Handicap Inventory, a validated
questionnaire, because our objective was to explore whether there were vestibular
symptoms present rather than to explore the dizziness itself and the burden of the
dizziness. Another limitation of this study is the low number of patients and the fact that
selection bias could have influenced the results. Patients with balance problems were
possibly more likely to respond than 22q11DS patients without vestibular complaints.
Lastly, we do not know how many patient filled in the questionnaire alone or with the
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help of their parents. Although we tried to formulate the questions as easy and clear-
cut as possible, the help of parents could have influenced the outcomes.

Future research should focus on the relation between anatomic malformations
of the inner ear, objective vestibular dysfunction, motor development and subjective
symptoms or patient related outcome measures (PROM). Ideally, a validated
questionnaire measuring PROMs on vestibular symptoms should be developed.

CONCLUSION

Children with 22q11DS seem to experience balance problems, which could be a
contributing factor in reported motor development delay. We advocate for awareness
of dizziness or balance problems in children with 22g11DS and inform the patients and
parents. Physiotherapy is advised to support motor skills.
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CHAPTER 7

ABSTRACT

Objective

Respiratory tract disorders have been reported in patients with 22q11.2 deletion
syndrome, however infrequently. This study describes the respiratory tract disorders
encountered in a cohort of 278 patients with 22g11.2 deletion syndrome.

Methods

We conducted a retrospective, cross-sectional study, at a single tertiary referral center.
We identified the patients with 22q11.2 deletion syndrome and with an upper and/or
lower respiratory tract disorder at our otorhinolaryngologic department. The different
disorders were described.

Results

Out of 278 patients referred to the otorhinolaryngologic department, we identified
14 patients with a laryngeal and/or tracheal disorder. Nine patients had more than
one congenital disorder in this anatomical area. Disorders included a choanal stenosis
(n=1), laryngeal web (n=5), laryngeal cleft (n=2), subglottic stenosis (n=3), pharyngo-,
laryngo-, tracheo- and/or bronchomalacia (n=12) and tracheal stenosis (n=1).

Conclusion

Different types of respiratory tract disorders can be present in patients with 22q11DS.
Clinicians should be aware of this clinical association for timely and accurate diagnosis
and treatment. In addition, the diagnosis 22q11DS should be considered in patients
presenting with a congenital respiratory tract disorder.
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INTRODUCTION

The 22q11.2 deletion syndrome (22q11DS) is caused by a deletion on the long arm of
chromosome 22 and characterized by many different disorders, such as dysmorphic
facial features, congenital cardiac anomalies (~75%), immunodeficiency (~75%), palatal
abnormalities (70-100%), including velopharyngeal insufficiency (~30-90%), endocrine
abnormalities, including hypocalcaemia (50-65%) and psychiatric problems, including
schizophrenia (25%).1- Respiratory tract disorders are also described, however less
frequently. These occur in different forms and include subglottic stenosis, laryngeal
web, laryngeal cleft, laryngo-, trachea and/or bronchomalacia.*>#456-13 Although
rarely reported, respiratory tract disorders have important clinical implications and can
even be fatal.!® Attentiveness to these disorders in children with 22q11DS is essential,
as they should be detected early and treated to avoid severe complications.

The objectives of this study were: 1. to describe the respiratory tract disorders,
present in patients with 22g11DS who presented for clinical follow-up at our
otorhinolaryngology department, and 2. to give an overview of reported respiratory
tract disorders in 22q11DS in the literature.

METHODS

We conducted a retrospective, cross-sectional, study at a single tertiary referral center.

We reviewed medical files of all patients diagnosed with 22q11DS and assessed by our
otorhinolaryngology department from 1993 through April 2017. Since 2007, patients

with 22q11DS have been universally referred to our institution's multidisciplinary

22q11DS team. As part of this referral, assessment by otorhinolaryngology is standard

care, and does not depend on symptoms. The diagnosis 22g11DS was confirmed with
fluorescence in situ hybridization or multiplex ligation-dependent probe amplification.

We identified all patients with a respiratory tract disorder including pharyngeal-, 7
laryngeal-, tracheal- and bronchial disorders. The Medical Ethics Review Committee

deemed this study exempt from review due to its retrospective design.

Data including the presence of prematurity (born <37 weeks of gestation), history
of velopharyngeal insufficiency and history of congenital cardiac diseases were
collected. Clinical presentation of a respiratory tract disorder comprising presence of
stridor, dyspnea, a history of recurrent respiratory tract infections, feeding difficulties
(including insufficient intake or swallowing dysfunction), signs of aspiration (including
recurrent respiratory tract infections) or voice abnormalities were described.

We described laryngeal clefts using the classification described by Benjamin and
Inglis.”” The severity of a subglottic stenosis was graded according to the Myer-Cotton
classification.’® In describing laryngeal webs, we used the Cohen’s classification.®
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Other disorders, including laryngo-, tracheo- and bronchomalacia, vocal cord
anomalies or other encountered abnormalities were described by location and severity.

RESULTS

Out of 278 patients who were assessed by our department, we identified 14 patients
with a respiratory tract disorder. All 14 patients were referred to our multidisciplinary
22q11DS team. See Table 1 for demographic characteristics. Six of the nine patients
who were of appropriate age for speech assessment demonstrated velopharyngeal
insufficiency.

Table 1. Demographic characteristics

Patients (n=14)
Median follow-up time between first DLB and last clinic visit in months (range) (=9 14 (0-71)
Male:female 3:11

Number of patients with DLB (%) 11 (79)

Median age in months at (first) DLB (range) (n=9)* 7 (0-35)
Prematurity (%) 6 (43)
Velopharyngeal insufficiency (%) (n=9)°> 6 (67)
Congenital cardiac disease (%) 8 (57)

Abbreviation: direct laryngosocopy and bronchoscopy (DLB)
Legend: 2 In two patient the exact date at DLB was not reported (patient 6 and 14). ® Nine patients were of
appropriate age for speech assessment.

Eleven patients underwent a direct laryngoscopy and bronchoscopy (DLB) for
evaluation of stridor, dysphagia, dyspnea or the evaluation prior to tracheostomy tube
decannulation. There were no airway-related mortalities in our cohort (median age at
last consultation was 5 years).

Table 2 provides an overview of all encountered disorders. It shows that nine
patients had more than one respiratory tract disorder (patients 1, 2, 4, 8, 9, 10, 11, 13,
14). Three patients required a tracheostomy (patients 10, 13 and 14).

As shown in Table 2, there were five patients with a laryngeal web (see Table 2).
One patient had a type 1 web, two patients had a type 2, one patient a type 3 web and
in one patient the grade of the web was unknown. This patient also had a tracheal
stenosis which necessitated a tracheostomy at age 7 days, with subsequently dilating
and stenting of the trachea. Three patients required incising of the web (patients 3, 4
and 9). In addition, there were three patients with a subglottic stenosis. Two patients
had a grade 1 and one patient had a grade 3 stenosis. The latter required a single stage
laryngotracheal reconstruction, with anterior and posterior costal cartilage grafting
(patient 4).
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The laryngeal cleft present in patients 1 and 3 (see Table 2) were both a type 1 (a
cleft limited to the supraglottic and interarytenoid area) and did not require surgical
treatment.

Five patients suffered from an airway malacia caused by a vascular structure
compressing the airway (patients 3, 7, 8, 11 and 12). These vascular structures included
a arteria lusoria, right sided aortic arch and brachiocephalic artery. The arteria lusoria
was in all cases divided (patients 8, 11, 12). In one patient the tracheomalacia was
treated with an aortopexy (patient 8).

DISCUSSION

Our results showed that many different respiratory tract disorders can be present
in patients with 22q11DS, and more than one disorder can occur in one patient. In
addition, we report vascular anomalies which impair the airway as well.

Congenital malformations of the larynx are known to develop from embryogenetic
defects. The development of the larynx begins at week 4 of gestation. The respiratory
diverticulum is an outpouching of the foregut lumen and grows ventrally and caudally.
Meanwhile, the tracheoesophageal septum is formed, separating the oesophagus from
the laryngotracheal tube (respiratory diverticulum).2%2t A laryngeal cleft, present in two
patients in our population (patients 1 and 3), can result from an inadequate fusion
of the interarytenoid tissues, cricoid cartilage or the tracheoesophageal septum.?
After the formation of the tracheocoesophageal septum, the primitive laryngopharynx,
which later gives rise to the supraglottis, becomes obliterated and the epithelial lamina
arises. The epithelial lamina recanalizes by 10 weeks of gestation, forming a lumen. An
aberrant recanalization during this developmental stage can cause a laryngeal web, as
seen in five of our patients (patients 2, 3, 4, 9 and 14) or laryngeal stenosis, encountered
in three patients in our population (patients 1, 4 and 10). 202

In literature, various respiratory tract disorders in patients with 22q11DS are
described, see Table 3 for an overview. Sacca et al. found that 71% of patients who
received a microlaryngoscopy and/or bronchoscopy were identified with an airway
anomaly. Different airway anomalies were encountered, including a tracheomalacia
(36%), subglottic stenosis (28%), laryngomalacia (26%), glottic web (21%) and
bronchomalacia (16%). ° These high prevalences are likely not representative of the
overall 22g11DS population, as this study only included patients whose airways were
assessed by microlaryngoscopy and/or bronchoscopy. Leopold et al. described five
patients with a respiratory tract disorder, of whom four had more than one abnormality.*
Furthermore, Dyce et al. found 14 patients with a respiratory tract disorder, including
a laryngeal cleft, tracheomalacia and (sub)glottic stenosis.® 2% of the patients included
by Ryan et al. had a tracheo- or laryngomalacia and 1% a laryngeal web ¢ and Ford et al.
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reported on one patient, out of 35 included patients, with a laryngeal web with vocal
fold paralysis, and one patient with vocal fold weakness.” Miyomoto et al. reported
that 65% of all patients diagnosed with an anterior glottic web in their center, tested
positive for a 22q11.2 deletion.!® In addition, there are case reports describing similar
anomalies in patients with 22g11DS, including laryngeal web,*-** glottis-subglottic
stenosis,?? laryngo-, or bronchomalacia,?®?* and supernumerary tracheal bronchus.?
Tracheomalacia associated with vascular rings and vascular compression has also
been described in prior reports.?6?7

Table 3. Previously reported congenital respiratory tract disorders in 22gq11DS patients
Total number of patients

Disorder reported in literature Reference
Choanal stenosis or atresia 7 69
Vocal fold hypomobility or paralysis 8 4579
Laryngeal cleft 2 5
Laryngeal web >582 46,22,267.9-15
Glottic stenosis 2 4
Subglottic stenosis 30 459.22
Glottic atresia 7 °
Subglottic cyst 1 °
Pharyngo-, laryngo-, tracheo- and/or bronchomalacia >732 4-689.2524.26
Tracheooesophageal fistula 3 59
Tracheobronchial branching branching abnormalities 4 4525
Tracheal stenosis 1 °
Oesophageal atresia 3 o

@ McDonald-McGinn et al. and Vantrappen et al. did not report a specific number of patients. 826

Thx1 is a gene considered responsible for several features in 229q11DS.?® In a mouse
model where mice were generated hemizygous for a 1.5Mb deletion (including Tbx1)
corresponding to that in 22q11DS, 5% of the mouse embryos showed to have a vascular
ring compressing the trachea.?® However, to our knowledge, no other mouse models
on Thx1 reported on the earlier mentioned respiratory tract disorders. 7
Therapeutic options for and prognosis of respiratory tract disorders vary widely,
depending on the type and severity of the disorder. In previous studies, up to 30% of
patients with 22g11DS and a respiratory tract disorder required tracheostomy.*9124 |n
Repetto et al.'s retrospective study of 252 patients with 22q11DS and airway symptoms,
congenital heart diseases, hypocalcemia, and airway malacia were all noted to be poor
prognostic factors and independently associated with mortality.® All of the patients
in our series have recovered well from their airway pathologies, with or without
surgical intervention, although three patients required a tracheostomy. There were no
mortalities in our series. Nonetheless, there should be a standard otorhinolaryngologic
consultation in a specialized tertiary referral center for 22g11DS patients. Moreover,
the possibility of the presence of 22q11DS in patients presenting with a congenital
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respiratory tract disorder should be considered.

The main limitation of this study is its retrospective design. Due to a high risk
of missing outcome data and probable selection bias, we were not able to reliably
calculate the incidence of respiratory tract disorders. We therefore did not provide
an incidence number. Furthermore, we only included patients with a respiratory
tract disorder, we did not identify how many patients were only suspected of having
such a disorder or underwent a DLB. Consequently, we could not distinguish certain
parameters which could be predictive for the presence of a respiratory tract disorder
in 22q11DS.

CONCLUSION

Respiratory tract disorders in patients with 22q11DS occur in different forms, including
concomitant vascular malformations compressing part of the airway. These disorders
should be detected early and if necessary treated. We therefore recommend a standard
otorhinolaryngologic consultation including a fiberoptic laryngoscopy when clinical
symptoms are present in patients with 22q11DS. In addition, the diagnosis 22q11DS
should be considered in patients presenting with a congenital respiratory tract disorder.
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22911.2 deletion syndrome (22q11DS) is a complex syndrome with a variable phenotypic
expression. A broad variety of anomalies in 22q11DS have been documented
(heart defects, immunodeficiency, hypocalcaemia, velopharyngeal insufficiency,
orthopedic anomalies, genitourinary anomalies, a lower intelligence with a mean 1Q
of approximately 70 and psychiatric disorders).*** This thesis provides an overview
of otorhinolaryngologic manifestations in 22g11DS, including hearing impairment
(conductive and mixed types), (recurrent) otitis media and inner ear malformations,
anatomic malformations of the vestibular system and airway anomalies. It is important
toadequately diagnose and treat relatively smaller issues, which can have a majorimpact
on quality of life. With this thesis we aim to increase awareness of otorhinolaryngologic
manifestations to assist clinicians in treating this group of patients.

OTOLOGIC MANIFESTATIONS

Patients with 22q11DS often have hearing loss (38% of ears), mainly of conductive
nature. This could be due to a high rate of recurrent otologic problems, as we also
encountered a tympanic membrane perforation (present in 16% at time of the most
recent audiogram and most likely common after recurrent otitis media) and otitis media
with effusion (present in 23% at time of the most recent audiogram). The frequent
occurrence of otitis media is also reported in other 22q11DS reports (chapter 2). This
otitis media might well be caused by a combination of Eustachian tube dysfunction,
supported by a mouse model for 22q11DS showing a hypoplastic levator veli palatine
muscle in TbxI1*- mice, and an immunodeficiency present in approximately 75% of
patients.®

In spite of a high number of patients with an incomplete partition type Il of the
cochlea (inner ear malformation), we did not encounter a high rate of sensorineural
hearing loss in our study (chapter 4). Also, frequently more than one anomaly in the
middle and/or inner ear was found, hindering statistical analysis and conclusions
relating the hearing loss to a specific anomaly. Although there are studies reporting
on patients with a cochlear implant due to an incomplete partition type I, it seems an
incomplete partition does not necessarily affect hearing.%” In line with our findings,
Ahadizadeh et al. did not find a statistical relation between hearing and an incomplete
partition type Il, in patients with an incomplete partition type Il and an enlarged
vestibular aqueduct.®

Sennaroglu et al. described an incomplete partition type Il as a cochlea with 1,5
turns, where the middle and apical turn form 1 cyst, accompanied by a large vestibule
and an enlarged vestibular aqueduct.® In our study however we defined an incomplete
partition of the cochlea as the above mentioned malformation of the cochlea alone.
We described in 33% of the studied ears a small bony island of the lateral semicircular
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canal. Presumably this malformation is comparable with a large vestibule described
by Sennaroglu et al., although the vestibule in our study, in absolute terms, was not
enlarged according to the reference standard reported by Purcell et al. (chapter 4).°
We did not find an enlarged vestibular aqueduct in our patients, suggesting that an
incomplete partition type Il described by Sennaroglu et al. does not per se has to
consist of the combination of the three anomalies together. When one anomaly can
coexist with a normally formed other part of the labyrinth the embryologic disruption
does perhaps not affect the whole labyrinth at that stage.

Treatment

As described in our case report (chapter 5) ear surgery is feasible as a treatment option
in selected patients. In case of a deformed ossicular chain, middle ear reconstructive
surgery can be considered aiming to improve conductive hearing impairment.

The Teunissen Cremers classification can be of help in determining the indication
and aids in classifying from a surgical perspective.’? If conservative treatment fails in
patients with chronic refractory otitis media, these patients might benefit from an
additional mastoidectomy. In 22g11DS we emphasize to perform a preoperative CT
scan for optimal surgical preparation, especially regarding possible lateral semicircular
canal malformation. The semicircular canal is often malformed in 22q11DS patients
and in these cases does not serve as a reliable landmark to identify the facial nerve.
When middle ear surgery is not an option, hearing rehabilitation with hearing aids is a
good alternative for patient with solely conductive hearing loss and the first choice of
treatment in patients with mixed hearing loss or in isolated sensorineural hearing loss.
Especially in young children it is important to facilitate hearing rehabilitation on early
note, since speech and language development benefit from early hearing rehabilitation
as concluded from studies on newborn hearing screening.*

Future perspectives

Many mouse models found Thx1 as a potential gene which could play an important
role in the encountered malformations in 22q11DS.* However, Tbx1 is nested between
low copy repeat 22 A and B, where there are also patients with a more distal deletion.!
To our knowledge is it not known if patients with more distal deletions express
ear malformations. It would be interesting to investigate hearing and inner ear
malformations in patients with more distal deletions.

Tbx1 is a gene expressing in the pharyngeal arches!. In literature it is reported that
organs derived from the pharyngeal arches are frequently involved.**? The hearing
ossicles develop from the first and second pharyngeal arch.® In our paper on radiologic
malformations, we did find malformations of the hearing ossicles, mostly involving the
stapes (36%), and in a small number involving the malleus (4%) (chapter 4). It would be
interesting to conduct a radiologic study in a large 22q11DS population investigating
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isolated middle ear anomalies.

In 22g11DS, other symptoms can develop and manifest over time. Prognostic
studies show that early cognitive decline is a predictor for developing psychosis.'
Patients with 22q11DS are at risk to develop early onset Parkinson’s Disease.'> Hearing
loss in 22q11DS is thought to be related to congenital anatomical malformations,
or damage from otitis media, and not an early manifestation of presbyacusis.’*-22 In
our retrospective study on otologic manifestations (chapter 3) we performed a linear
regression analysis on age and hearing loss. After removing the outliners, we did not
find a correlation. However, the oldest patient was 20 years of age. To investigate if
hearing in 22q11DS worsens more rapidly with age compared to the regular population
a larger prospective study is needed.

VESTIBULAR MANIFESTATIONS

In addition to cochlear malformations, CT scans of the mastoid bones of patients
with 22g11DS frequently showed a malformed lateral semicircular canal (chapter
4). In literature, a malformed lateral semicircular canal is noted without and with
sensorineural or conductive hearing loss.?*-%° As for an incomplete partition type Il, in
our cohort some patients with a malformed lateral semicircular canal indeed showed
hearing loss whilst others did not have hearing impairment (chapter 4).

The malformed lateral semicircular canal led to the hypothesis that vestibular
dysfunction might be prevalent in 22q11DS. Willaert et al proved this in their study
where they found 90% (18 out of 20) 22q11DS patients undergoing caloric testing to
have uni- or bilateral weak caloric responses.’®

The malformed vestibular system and dysfunction likely has a congenital origin.
Clinically, more subtle symptoms (i.e. unsteady walking in the dark) and balance
problems instead of vertigo will be present.3 Problems in balance, postural stability,
coordination and motor delay are described in patients with 22q11DS 32735, although
this is reported in studies focusing mostly on hypotonia and axial instability.*235-3¢ |n our
questionnaire study we also found that children with 22q11DS frequently have balance
difficulties and started walking later in life compared to a control group (chapter 6).
Vestibular dysfunction could contribute to a delayed motor development, imbalance
or postural instability. During consultations at our outpatient clinic, balance is not an
standard item that is discussed. With more attention to balance issues we could make
our clinical care more complete.

Treatment options

When the malformed lateral semicircular canal in 22q11DS patients lead to vestibular
dysfunction, informing the patients (and their parents) about challenging situations
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(sports, riding a bicycle) is needed. Physiotherapy is advised for supporting and
improvement of the patient’'s motor development and skills.

Future perspectives

Future research could investigate the relation between anatomical malformations
of the inner ear and vestibular dysfunction. Since congenital malformations of the
vestibular system lead to motor developmental delay %, data on motor development
would provide very useful information. In addition to data on motor development, pure
tone audiogram information, vestibular test results such as caloric test, video head
impulse test and rotary chair test, and patient related outcome measures (PROMs) can
be analyzed in relation to CT or MRI information of the inner ear. 22q11DS could serve
as a model for patients with inner ear malformations.

AIRWAY MANIFESTATIONS

A number of different airway anomalies are described in 22q11DS, including subglottic
stenosis, airway malacia, laryngeal cleft and laryngeal web (chapter 7). In a study
performed by Miyomoto et al. 65% of all patients with an anterior glottic web had
22911DS.*° A glottic or laryngeal web is caused by an anomalous recanalization of the
larynx, occurring at week 10 of gestation.*® A disruption at this point in embryologic
development can also lead to a subglottic stenosis. A subglottic stenosis is indeed
reported to be prevalentin 22q11DS. In our patient series 1 patient out of 3 patients with
a subglottic stenosis required surgical correction. Moreover, we found in five patients
in our patients cohort an airway malacia caused by an abnormal vascular structure
compressing the airway, out of 8 patients with a tracheo- and/or bronchomalacia
(chapter 7). Possibly, the cause of a trachea- and/or bronchomalacia in 22q11DS is
more frequently an abnormal vascular structure compressing the airway than in the
regular population. Additionally, an abnormal vascular structure might in some patients
manifest as an airway malacia.

Treatment options

Inairway malformations, surgicalinterventionis can be necessary to alleviate symptoms.
A laryngeal web can be incised, a subglottic stenosis can be dilated and in some case
a single stage laryngotracheoplasty can be performed placing a cartilage graft in the
cricoid cartilage, a large cleft can be closed with a temporary filler or sutures. When
an aberrant right subclavian artery (arteria lusoria) is present compressing the airway
causing airway malacia the aberrant artery can be divided. In rare cases a tracheostomy
is needed to secure a safe airway (chapter 7). In literature, 20-30% of patients with
22911DS an airway anomaly required a (temporary) tracheostomy.*-4
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A medial displacement of the internal carotid artery can be present in patients
with 22g11DS.*#46 An MRI is in some countries advocated prior to tonsillectomy,
adenoidectomy or pharyngeal surgery.*® Carotid injury due to pharyngeal surgery is
not reported.*® Therefore although an MRI might not be necessary in preparation of a
tonsillectomy or adenoidectomy, but awareness during surgery is imperative.

Future perspectives

As previously noted by Sacca et al. and Jones et al., there might be an association
between congenital heart disease and airway anomalies in 22q11DS.#4* It would
be of value to investigate this relation and which airway anomaly is associated with
what type of congenital heart disease specifically. Furthermore, as noted above, it
is our hypothesis that in the 22q11DS population the cause of tracheo- and/or
bronchomalacia is more frequently a vascular anomaly then in the regular patients
with tracheo- and/or bronchomalacia. This should be researched with a case control
study.
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APPENDIX

SUMMARY

22911.2 deletion syndrome (22g11DS) is caused by a microdeletion on chromosome
22. It occurs in approximately 1:3000-6000 live births. Patients with 22g11DS can
suffer from a wide range of different pathologies, over 180 clinical conditions are
described.*? The aim of this thesis was to give an overview of otorhinolaryngologic
manifestations in 22q11DS.

Otologic manifestations

In chapter 2 we performed a systematic review describing all otologic manifestations
reported in 22q11DS in the literature thus far. We found 21 studies describing hearing
loss and 21 studies reporting on other otologic manifestations. The range of hearing
loss varied greatly, from 6.0 to 60.3%. The hearing loss was mostly conductive in origin.
Recurrent or chronic otitis media was described in 2.2 — 89.8%. In our retrospective
study where we described the otologic manifestations (chapter 3), we included 199
patients with 22q11DS who had visited our clinic, independently of symptoms. 102
patients had received an audiogram. 38% of ears had hearing loss, 94% of the ears with
hearing loss were conductive in nature, and 4% were found to be mixed hearing losses.
At time of most recent audiogram, 22,5% had a concomitant otitis media with effusion.
61% of patients had a history of tympanic membrane tube placement. 10% of patients
used conventional hearing aids or a bone conduction device. We found no relation
between age and hearing thresholds or otitis media. Overall, we concluded that hearing
loss and otitis media are frequently present in patients with 22q11DS. Chapter 4 is a
retrospective case series where we analyzed radiologic images of the mastoid bones
of 11 patients with 22g11DS from the University Medical Center Utrecht and 15 patients
with 22q11DS from Children’s Hospital of Philadelphia. One patient had undergone
MRI scanning, the other 25 patients a CT scan of the mastoid bones. Indications
for radiologic imaging were reported hearing loss which could not be explained by
otoscopic findings (38%), chronic otitis media (50%), both unexplained hearing loss
and chronic otitis media (8%), or aural atresia (4%). We frequently encountered inner-
and middle ear malformations in this patient group. A dense stapes superstructure
was present in 36% of ears, an incomplete partition type Il of the cochlea in 23% of
ears, a malformed lateral semicircular canal with a small bony island in 33% of ears
and fusing of the lateral semicircular canal and vestibule to a single cavity in 29% of
ears. Future studies should research the relation between a malformation of the lateral
semicircular canal and vestibular function. In addition, the lateral semicircular canal
is an important landmark for identifying the facial nerve during mastoid surgery. As
described in our case report in chapter 5, to avoid iatrogenic facial nerve damage
otologic surgeons should be aware of this anomaly, perform a CT scan prior to surgery
and use facial nerve monitoring during surgery by default in patients with 22q11DS.
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In addition to mastoid surgery, ossicular chain reconstruction is a feasible alternative
treatment (compared to hearing aids) in patients with 22q11DS with an ossicular chain
malformation causing hearing impairment (see chapter 5).

Vestibular manifestations

After we found a high prevalence of malformed lateral semicircular canals in patients
with 22g11DS, we performed a questionnaire study on vestibular symptoms (chapter
6). Our hypothesis was that patients with 22q11DS suffer relatively more from subtle
vestibular symptoms than the general population. We found that children with
22q11DS experienced balance difficulties more often and were older when they started
walking compared to children in the control group. Dizziness seemed not to be more
frequently reported in children with 22q11DS.

Airway manifestations

In chapter 7 we describe 14 patients with 22q11DS and an airway malformation.
There was one patient with a choanal stenosis, five patients with a laryngeal web, two
patients with a laryngeal cleft, three patients with a subglottic stenosis, 11 patients
with a pharyngo-, laryngo-, tracheo-, and/or bronchomalacia and one patient with
a tracheal stenosis. Nine patients had more than one disorder simultaneously. In five
patients a vascular structure (right sided aortic arch, brachiocephalic artery or abbarant
right subclavian artery (lusorian artery)) compressed the airway causing an airway
malacia. There were three patients who required a tracheostomy; one patient with a
tracheal stenosis and laryngeal web, one patient with choanal stenosis a pharyngeal
malacia, and one patient with a subglottic stenosis and tracheobronchomalacia. We
concluded that different types of airway malformations can be present in 22q11DS
and clinicians should be aware of airway malformations in 22q11DS, and start early
treatment if necessary. In addition, the diagnosis 22q11DS should be considered in
patients with an (or more than one) airway anomaly.
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Het 22g11.2 deletie syndroom (22g11DS) wordt veroorzaakt door een microdeletie
op chromosoom 22. Het komt voor in ongeveer 1:3000-6000 levendgeborenen.
Patiénten met 22q11DS kunnen veel verschillende uitingen van het syndroom hebben,
meer dan 180 klinische afwijkingen zijn beschreven in de literatuur. *2 Het doel van dit
proefschrift was om een overzicht te creéren van de verschillende keel-, neus- en oor
manifestaties in 22q11DS.

Otologische manifestaties

In hoofdstuk 2 bestaat uit een systematisch overzicht van de literatuur van alle
otologische manifestaties die tot dusver zijn beschreven. We vonden 21 studies
die gehoorverlies rapporteren, en 21 studies die andere otologische manifestaties
rapporteren. De prevalentie die in de verschillende studies wordt beschreven varieert
erg; tussen de 6,0 en 60,3%. Het gehoorverlies was in de meeste gevallen conductief
van aard. Recidiverende of chronische otitis media werd beschreven in 2,2 — 89,9%. In
onze retrospectieve studie (hoofdstuk 3) waar we otologische manifestaties hebben
beschreven, hebben we 199 patiénten met 22911DS geincludeerd. Alle patiénten
hadden onze keel-, neus- en oorheelkunde kliniek bezocht, ongeacht of ze klachten
hadden. Van 102 patiénten was een audiogram beschikbaar. 38% van de oren met een
audiogram had gehoorverlies, 94% hiervan was een conductief gehoorverlies en 4%
een gemengd gehoorverlies. Tijdens het meest recente audiogram had 22,5% van de
patiénten een otitis media met effusie. 61% van de patiénten had een voorgeschiedenis
van een trommelvliesbuisje. 10% gebruikte conventionele hoortoestellen of een
beengeleidingshoortoestel. We vonden geen relatie tussen leeftijd en gehoordrempels
of otitis media. We concludeerden dat gehoorverlies en otitis media vaak voorkomen
bij patiénten met 22g11DS. Hoofdstuk 4 is een retrospectieve case series waarin
we radiologische beelden van het mastoid hebben geanalyseerd. 11 patiénten met
22q11DS van het Universitair Medisch Centrum Utrecht en 15 patiénten met 22q11DS
van het Children’s Hospital of Philadelphia zijn geincludeerd. Er was een MRI-scan
beschikbaar van één patiént, van de overige 25 patiénten was een CT-scan beschikbaar.
De indicaties voor het maken van beeldvorming waren gerapporteerd gehoorverlies
die niet kon worden verklaard door het otologisch beeld (38%), chronische otitis media
(50%), beiden (8%) of atresie van het oor (4%). Binnen- en middenoorafwijkingen
kwamen vaak voor. We vonden een dense stapes bovenbouw in 36% van de oren, een
incomplete partitie type Il van de cochlea in 23% van de oren, een afwijkend lateraal
semicirculair kanaal met een klein boteiland in 33% van de oren, en een gefuseerd
lateraal semicirculair kanaal met het vestibulum tot één holte in 39% van de oren.
Toekomstig onderzoek zou zich moeten richten op de mogelijke relatie tussen
een afwijkend lateraal semicirculair kanaal en de vestibulaire functie. Het laterale
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semicirculaire kanaal is daarnaast een belangrijke landmark voor het identificeren
van de nervus facialis tijdens een mastoidectomie. Zoals ook beschreven in ons case
report in hoofdstuk 5, om iatrogene schade aan de nervus facialis te voorkomen is
het van belang dat otologen hiervan op de hoogte zijn, standaard preoperatief een
CT-scan vervaardigen en een facialis monitor gebruiken peroperatief bij patiénten
met 22q11DS. Naast een mastoidectomie kan chirurgie aan de gehoorbeenketen een
optie zijn in patiénten met 22q11DS en een afwijking aan de gehoorbeenketen met als
gevolg daarvan gehoorverlies (hoofdstuk 5).

Vestibulaire manifestaties

Nadat we een hoge prevalentie afwijkende laterale semicirculaire kanalen bij
patiénten met 22q11DS vonden hebben we een vragenlijst studie uitgevoerd om
vestibulaire symptomen nader te onderzoeken (hoofdstuk 6). Onze hypothese was
dat patiénten met 22g11DS relatief vaker subtiele vestibulaire symptomen hadden dan
de algemene populatie. We vonden dat kinderen met 22q11DS meer last hadden van
balansproblemen en ook ouder waren toen ze begonnen met lopen, vergeleken met
kinderen in een controlegroep. Duizeligheid was niet vaker aanwezig bij de kinderen
met 22q11DS.

Luchtweg manifestaties

In hoofdstuk 7 beschrijven we 14 patiénten met 22q11DS en een luchtweg afwijking.
Er was één patiént met een choane stenose, vijf patiénten met een larynx web, twee
patiénten meteenlarynxcleft, drie patiénten meteen subglottische stenose, 11 patiénten
met een pharynx, laryngo-, tracheo-, en/of bronchomalacie, en één patiént met een
tracheastenose. Negen patiénten hadden meer dan één aandoening tegelijkertijd. Een
vasculaire structuur (rechter aortaboog, arteria brachiocephalica, aberrante rechter
arteria subclavia (arteria lusoria) was de oorzaak van een luchtweg malacie doordat
de structuur op de luchtweg drukte in vijf patiénten. Drie patiénten hadden een
tracheotomie nodig; één patiént met een tracheastenose en larynxweb, één patiént met
een choane stenose en malacie van de pharynx en één patiént met een subglottische
stenose en tracheobronchomalacie. We concludeerden dat verschillende afwijkingen
in de luchtweg aanwezig kunnen zijn in 22q11DS. Artsen moeten beducht zijn voor
luchtwegafwijkingen bij patiénten met 22q11DS en behandeling zo snel mogelijk
starten indien nodig. Daarnaast moet de diagnose 22q11DS worden overwogen bij
patiénten met een (of meer dan één) luchtwegafwijking.
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