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ABSTRACT

Hearing loss is a major problem in our society with more than 5 % of the 
population world-wide suffering from disabling hearing loss according to the 
WHO. There are many endocrine syndromes associated with hearing loss. In 
both Turner syndrome and Pendred syndrome hearing loss is a prominent 
feature often leading to a need for hearing rehabilitation with hearing aids 
or cochlear implants. Hormonal treatment might also affect the inner ear  
directly and studies have shown a negative effect on hearing by progeste-
rone treatment.

The overall aim of this thesis is to enlighten the close connection between 
hearing and endocrinology both directly via hormonal effects on the inner 
ear and indirectly by which endocrine syndromes have an impact on both 
hearing and endocrine target organs.

Studies I and II explore the audiological features in young women with  
Turner syndrome and the effect of hormonal treatment. Sensorineural  
hearing loss is common with high-frequency hearing loss and mid-frequency 
dip being the configurations most often seen. The mild to severe hearing 
loss concentrated to the high- and mid-frequencies leads to reduced speech  
perception which leads to the necessity of hearing rehabilitation with  
hearing aids. No effect on hearing by the hormone replacement therapy with 
estrogen was seen but a negative effect on high-frequency hearing, attri-
buted to the growth hormone treatment, was found.

Study III investigates the presence of progesterone receptors in the inner ear 
which could explain a direct negative effect on hearing by progesterone con-
taining hormone replacement therapy. No nuclear progesterone receptors 
were found according to the results of the immunohistochemistry, in rat and  
human, and by PCR and Western blot in rat. Therefore, direct nuclear effect 
seems unlikely.

Study IV investigates the natural hearing history and outcome after cochlear  
implantation in children with severe hearing loss due to Pendred syn- 
drome or DFNB4 having LVAS and/or IP2-malformation. A severe to profound  
hearing loss is seen, often with an early onset, but progressive hearing loss 
is not rare. The speech and language tests show low results in expressive 
vocabulary and pragmatic skills but normal results in receptive vocabu- 
lary. Additional symptoms are vertigo, fluctuating hearing, motor problems,  
concentration deficits and sleeping disturbances.
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In conclusion, hearing impairment is common and linked to several endo-
crine syndromes including Turner syndrome and Pendred syndrome. In both 
syndromes the hormonal and genetic impact can lead to severe hearing  
impairment though the risk for congenital severe hearing loss is present 
only in Pendred syndrome. An early rehabilitation with hearing aids or 
cochlear implants in regard to the hearing deficit is necessary to prevent 
social isolation and to ensure speech development and speech perception.  
Hormonal treatment might interfere with hearing but no direct nuclear effect  
of progesterone on the inner ear was found. 
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PREFACE

If you had a slight hearing loss, between 26-40 dB, you would have 
trouble hearing soft speech from a distance or speech in a background 
noise. If you had a moderate hearing loss, between 41-60 dB, hearing 
regular speech, even at a close distance, would be problematic. With 
a severe hearing loss between 61-80 dB, you may only hear very loud 
speech and surrounding noise, as loud as a fire siren or a door slam. 
Most conversational speech would not be heard. With a profound  
hearing loss, above 80 dB, you may only perceive loud sounds and 
vibrations.

(Adapted from WHO’s grading of hearing loss).

Communication is important for all animals, including humans. The 
main communication mode, speech, is dependent on our ability 
to hear. We use our hearing continuously and for a wide variety of  
purposes. It is the sound of our parents’ voices that calms us as  
babies in destress, the hearing that is necessary for listening to bedtime  
stories, exchanging thoughts, feelings and ideas with friends and  
colleagues as well as alerting us of danger, like detecting the sound 
of falling branches from a tree or the fire alarm. Most people in the 
world are using spoken language for communication but about 70  
million deaf people worldwide have sign language as their first langu-
age (https://wfdeaf.org/faq/, 170610).

Hearing impairment is a major problem in our society and according to 
WHO (http://www.who.int/mediacentre/factsheets/fs300/en/ 170622) 
over 5% of the population in the world suffer from a disabling hearing 
loss. In Sweden, 6.0 % of men and 2.9 % of women between the ages 
of 18-50 years have a hearing loss, these percentages do not include 
the elderly with their higher incidence of hearing loss (1).
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BACKGROUND

Anatomy and physiology of the ear

The ear transforms airborne soundwaves into electrical signals in three dif-
ferent steps. The soundwaves in the air are captured by the auricle (a part of 
the external ear) and continues through the auditory canal to the eardrum, 
the tympanic membrane. The tympanic membrane and the three auditory 
ossicles, the malleus, incus and stapes, compose the middle ear. The fun-
ction of the middle ear is to amplify the sound by about 60 dB. By vibrating 
the tympanic membrane and the three middle ear bones the soundwaves 
from the air are transformed into a mechanical force further transmitted via 
the stapes footplate in the oval window to form pressure-waves in the fluid 
in the inner ear, the cochlea (figure 1).

The cochlea is a snailshell-like structure and normally makes two and a half 
turns in humans. It is divided into three channels: the Scala vestibuli, Scala 
media and Scala tympani, divided by the Reissners’ membrane and the basal 
membrane. The pressure wave transmitted by the stapes footplate will travel 
inside the Scala vestibuli from the base of the cochlea to the apex and then 
back again trough the Scala tympani. The exceeding force will be eliminated 

Figure 1: Schematic image of the human ear divided in external, middle and inner parts. 
Republished with the kind permission of Rusana Bark.
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through the round window. The organ of Corti is located in the Scala me-
dia, which is situated between the Scala vestibule and tympani. This is the 
sensory organ of hearing where the pressure wave is transformed into an 
electrical signal. The organ of Corti contains one row of inner hair cells and 
three rows of outer hair cells covered by the tectorial membrane, where the 
stereocilia are embedded. When the pressure wave in the Scala vestibuli mo-
ves the basilar membrane, the hairs, stereocilia, on top of the hair cells will 
bend activating a cascade of events leading to the activation of the cochlear 
nerve (figure 2).

Figure 2: A drawing of the human inner ear anatomy with a mid-modiolar section (a) 
and an enlarged spiral canal with the three Scala, vestibuli, media and tympani and the 
spiral ganglion (b). The sensory organ of hearing, the Organ of Corti, is situated in the 
Scala media with its inner and outer hair cells (IHC and OHC) (c). Republished with the 
kind permission of Rusana Bark.

Depending on the frequency of the pressure wave, a specific area along the 
membrane will have a maximal reaction to the stimuli, i.e. the basilar mem-
brane is tonotopic (2). The high frequencies will cause a maximal reaction in 
the basal turn of the cochlea and the low frequencies in the apex. In order 
for the hair cell to be able to release this electrical impulse, the ionic content 
of the surrounding liquids is essential. In the Scala media the endolymph is 
rich in potassium and the perilymph-containing Scala vestibule and tympani 
are rich in sodium creating an electrochemical gradient. When the stereocilia 



19

Hormon effect on the inner ear: two endocrine syndromes

deflect, mechanically gated ion-channels open and positively charged ions 
(potassium and calcium) flow into the cell from the surrounding endolymph 
and a depolarization follows. This opens voltage-gated calcium channels and 
the entry of calcium ions triggers the release of neurotransmitters that will 
activate the nerve. The positive ions are then transferred to the perilymph by 
the electrochemical gradient. 

The spiral ganglion nerve threads, situated in the modiolus (middle) of the 
cochlea, comprise the cochlear nerve which connects to the cochlear nuclei 
in the brainstem. Nerve fibers continue through the brainstem, mid-brain 
and thalamus to the primary auditory cortex in the temporal region. The  
afferent system crosses over in the brainstem thus making the auditory 
input from one ear stimulate the cortex-region on both sides of the brain  
(figure 3).

Figure 3: The central auditory pathways from the cochlea, via the cochlear nerve, the 
brainstem (cochlear nucleus), the pons (superior olivary nucleus), the mid-brain (infe-
rior colliculus), the thalamus (medial geniculate body) and to the auditory cortex in the 
temporal lobe. The figure is showing the bilateral stimulation of the auditory cortex by 
the cross-over at the brainstem level. Republished with the kind permission of Rusana 
Bark.
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Inner ear development and malformation

The inner ear is developed from the otic placodes that begin to be visualized 
at day 22 on the outside of the embryo. At the fourth embryonal week it has 
invaginated and formed an otic cyst that will become the future cochlea and 
vestibular organ. At 8 weeks the cochlea has its final 2.5 turns and during 
week 9-12 the organ of Corti is fully developed. Parallel to this, the vestibu-
lo-cochlear nerve develops and a connection between the cochlea and the 
brainstem is established at 9 weeks. During the second trimester, the organ 
of Corti matures and auditory connections between the brainstem and the 
brain begin to develop (3, 4). Already by the end of the second trimester, 
around week 22, the fetus starts to hear. Interruptions in these processes 
lead to different malformation depending on the stage of development and 
genesis. Sennaroglu et al presented a new classification for vestibulo-cochle-
ar malformations in 2002 based on the findings from computer tomography 
and magnetic resonance imaging in relation to the embryonic development 
(4). They divided the malformations into different groups depending on the 
time of developmental arrest. These malformations ranged from a complete 
lack of cochlea and vestibular organs to an almost normal cochlea with only 
an incomplete partition of the last turn, named an incomplete partition type 
2 (IP2).

Incomplete Partition type 2 and Large Vestibular Aqueduct Syndrome
In IP2-malformation the inner ear is normal or slightly hypoplastic with a 
fused apex resulting in only 1.5 turns of the cochlea. This represents a de-
velopmental arrest in the seventh fetal week. There are different degrees 
of modiolar dysplasia and a histological study showed a reduced number 
of cells in the spiral ganglion with extensive inter-individual variation which 
might affect the hearing (5). A combination of a large vestibular aqueduct 
(Large Vestibular Aqueduct Syndrome, LVAS) and IP2 is common but both IP2 
and LVAS can occur in isolation. These malformations can be seen in seve-
ral syndromes such as Pendred, branchio-oto-renal, CHARGE and DiGeorge’s 
syndromes as well as in a non-syndromic deafness (DNFB4). This autosomal 
recessive inherited malformation has in approximately 50% of the cases 
homo- or heterozygote mutations in the SLC26A4 gene, however a combina-
tion including a mutation in FOXI1 or KCNJ10 has also been found (6-8).
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Figure 4: MRI of the skull base and the inner ears showing scalar asymmetry 
(thick white arrow), large vestibular aqueduct, LVAS (thin white arrow) and  
enlarged endolymphatic sac (circle).

Endocrine interaction with the auditory system

There are many endocrine disorders associated with hearing loss. Among 
these are a high frequency sensorineural hearing loss linked to IGF-1 defi-
ciency, an increased frequency of sensorineural hearing loss in acromegaly, 
hypoparathyroidism and sensorineural deafness in Barakat syndrome and 
congenital hypothyroidism (endemic cretinism) composed of dwarfism and 
sensorineural hearing loss (9). The mechanisms differ from genetic muta-
tions interfering with the fetal development resulting in inner ear malforma-
tion to ongoing processes due to hormonal insufficiency leading to an early 
hearing loss. 

Turner syndrome
Turner syndrome is the most common sex-chromosome disorder in women 
and occurs in one out of 2500 live-born girls (10). Girls with Turner syndrome 
are born with a total or partial loss of one female sex-chromosome which 
leads to an estrogen deficiency due to a lack of or underdeveloped ovaries. 
Short stature (around 142 cm in non-treated), no spontaneous development 
of secondary female phenotypes and infertility are the main characteristics 
of the syndrome (11). There are several karyotypes where 1) 45,X have a 
total loss of one X-chromosome, 2) 46,X,i(Xq) have an isochromosomy of the 
q-arm, as well as 3) a mosaic of normal and Turner-type cells are the three 
most common ones. In the literature, having 45,X or 46,X,i(Xq) karyotype is 
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associated with a higher incidence of comorbidities such as congenital heart 
defects, hypertension, osteoporosis, auto-immune diseases, for example  
diabetes mellitus and hypothyroidism, as well as hearing disturbances (10, 
12).

Ear and hearing problems are frequent in women with Turner syndrome and 
have a negative effect on their wellbeing and quality of life (13, 14). Throug-
hout life, different periods of ear and hearing problems can be seen in girls 
and women with Turner syndrome. During childhood, there is a high inci-
dence of otitis media resulting in a conductive hearing loss, frequent tym-
panostomy tube insertions and antibiotic treatment (15-17). Women with 
Turner syndrome also develop a higher incidence of chronic otitis media and  
cholesteatoma over time (18, 19). Sensorineural hearing loss in the form of 
a mid-frequency dip can be present as early as age five and progresses over 
the years (20, 21). A high frequency sensorineural hearing loss that develops 
in early adulthood is often present and this can have a devastating effect 
on the hearing situation for the individual. In such cases, hearing aids are 
often required earlier than in the normal population (12, 22-24). There is an 
increased risk for ear and hearing problems in women with karyotype 45,X 
or 46, X,i(Xq) (12, 16, 25).

Estrogen treatment is used in order to prevent osteoporosis and cardio-
vascular diseases as well as promote puberty. About one third of girls with  
Turner syndrome will start a normal pubertal development but less than 5 
% will have a normal menstruation cycle. Fertility and estrogen treatment 
is begun around the age of 12 (11). The estrogen treatment is induced at 
low doses with pure estrogen and changed for a combination pill including a 
progesterone content depending on the stage of pubertal development. The 
treatment is ended by the time of menopause. 

Historically, anabolic steroids have been the treatment of choice for height 
improvement, but in 1980 the first recombinant growth hormone treatment 
was introduced in Sweden. Today this is the treatment of choice and has 
been shown to be effective with few side-effects according to several studies 
(20, 26-30). In the first studies on growth hormone substitution an increased 
incidence of otitis media was seen, but this could not be confirmed in later 
studies (20, 27). There is however ongoing research on the effect of growth 
hormone and its metabolite IGF-1 on the inner ear, where IGF-1 is shown to 
be crucial for embryonic inner ear development. Girls with a low concentra-
tion of IGF-1 in childhood have a higher risk of sensorineural hearing loss 
(25).
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Pendred syndrome
Pendred syndrome is a genetic disorder composed of a triad of symptoms, 
hearing loss, vertigo, and thyroid enlargement (goiter) (31). It has a muta-
tion in the PDS-gene (SLC26A4) responsible for the Pendrin protein involved 
in bicarbonate (HCO3-) transport in the inner ear and kidneys and iodine (I-) 
transport in the thyroid gland (6, 32-34). In Pendred syndrome there is usual-
ly a homozygote mutation with one mutated gene in the genome from both 
parents. A heterozygote mutation (a mutation from only one parent) is more 
frequently accompanied with a non-syndromic hearing loss, DFNB4, where 
the thyroid is not affected. The KCNJ10 gene, known to be affected in some 
patients, is also responsible for an ion-receptor necessary for hair cell depo-
larization (8). FOXI1, a transcriptor-regulating gene, is another known gene 
involved in Pendred syndrome (35). This gene is necessary for the transcrip-
tion of SLC26A4. As mentioned earlier, the specific inner ear malformation, 
IP-2 and LVAS, is seen in individuals with Pendred syndrome (36).

The hearing impairment problem in Pendred syndrome is of sensorineural 
type and ranges from mild to profound (31, 37). A child can be born with 
a profound hearing loss but it can also be progressive and fluctuation in  
hearing is common. In children with fluctuating hearing loss the adjustment 
of hearing aids poses a great problem as does speech and language acqui-
sition due to a non-predictable hearing situation. A fluctuation in hearing 
ability can also be a reason for late identification of hearing loss due to  
variability in results on hearing tests. Head trauma or upper airway infections 
can provoke a worsening in hearing. Vertigo is present in about one third 
of the patients and is often displayed by episodes of vertigo ranging from  
seconds up to days (31, 37, 38). For some individuals, it can be provoked by a 
raised internal pressure in the inner ear as when doing sit-ups or the Valsalva 
maneuver. The thyroid enlargement manifests during the second decade of 
life and is usually euthyroid. Occasionally, thyroid hormone substitution is 
necessary (31, 38).

Hormonal treatment
The girls and women with Turner syndrome, as well as a significant number 
of women world-wide, are treated with combination pills containing estro-
gen and progesterone for a long period of time (contraceptive or hormone 
replacement therapy). There is normally a difference in hearing throughout 
life between women and men where hearing starts to decline in the thir-
ties for men and in the fifties for women. This difference cannot entirely be 
explained by a difference in occupational noise exposure (39, 40). There is 
growing evidence for a protective effect of estrogen on hearing by BDNF, 
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a neuroprotective peptide, responsible for the postponed hearing decline 
in women (41-43). This effect might be dose- and age dependent (44-46). 
There are studies suggesting that menopausal women treated with Hormo-
ne Replacement Therapy (HRT) have a better hearing than the non-treated, 
however the results have been contradictive and some are arguing for a ne-
gative effect of the progesterone part in HRT (47, 48).

Hearing loss

 
There are three main types of peripheral hearing loss, conductive, sensori-
neural and mixed. Conductive hearing loss is due to a disturbed pathway for 
the sound from the ear canal and through the middle ear. Problems inter-

Figure 5: An audiogram showing hearing per frequency (in hertz, Hz) in decibel (dB). The 
grades of hearing loss are shown in different shades of yellow from normal hearing to 
profound hearing loss (HL). Specific environmental sounds and phonemic sounds in the 
Swedish language are shown in regard to the hearing level needed for detection. Publis-
hed in adapted form with the kind permission of Cochlear Nordic AB.
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Figure 6: Types of audiometric configuration with a) high frequency sloping, b) mid-
frequency u-shaped (dip), c) low-frequency rising and d) flat loss.

fering with the inner ear or nerve give rise to sensorineural hearing loss. The 
combination of these two is called a mixed hearing loss. As described in the 
preface, hearing loss can also be divided in regard to degree from mild to 
profound (figure 5) as well as by configuration (high-frequency sloping, mid-
frequency u-shaped, low-frequency rising, flat loss) (figure 6).
 
Treatment for hearing loss
There are different types of treatment for hearing loss depending on the 
type and degree. Surgery with ossiculoplasty or middle ear implants can be 
efficient for mild to moderate conductive or mixed hearing loss. In other  
cases, a hearing aid is a better solution. For severe to profound hearing loss 
a cochlear implant is the treatment of choice. If the cochlea or the cochlear 
nerve is missing a brainstem implant is the prefered solution.

Hearing aids
The most common treatment for hearing loss today is hearing aids. It is used 
in mild to severe hearing loss and works as a sound amplifier, resembling 
the function of the middle ear. It collects the sound with an external micro-
phone, enhances the signal and projects it into the ear canal. For this system 
to work, the ear must have enough hair cells remaining in the inner ear in 
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order to create an electric signal to the brain. When there is a lack of hair 
cells the possibility to hear will decrease in general, but the lack of hair cells 
can also affect the quality of the sound making it harder to interpret words. 
For people with severe to profound hearing loss a cochlear implant might be 
the treatment of choice.

Cochlear implant
A cochlear implant is a hearing aid that transduces sound collected by an 
outer microphone into electrical impulses, through the utilization of a pro-
cessor. These impulses are magnetically transferred through the skin and in 
to the inner receiver. A thin electrode is placed in the Scala tympani in the 
cochlea where the neurons are stimulated directly. This permits sound to by-
pass non-functioning hair cells in the inner ear and send the stimuli directly 
to the nerve. The tonotopic function of the inner ear helps the patients to 
distinguish between different frequencies (figure 7). The cochlear implant 
was invented independently by three research groups in Australia, Austria 
and the USA (49). The first cochlear implant had a single channel for stimula-
tion and only provided the possibility of hearing sounds. Today the implants 
have between 12-22 channels and the great majority of patients use their 
implants for speech perception.
 

 

Figure 7: A cochlear implant with its outer processor transmitting the sound via the mag-
net through the skin to the implant on the inner side. The electrode passes via the mas-
toid, middle ear and through the round window in to the cochlea. Reprinted with kind 
permission from MedEl Nordic AB.
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AIMS

The overall aim of this thesis is to enlighten the close connection between 
hearing and endocrinology both directly via hormonal effects on the inner 
ear and indirectly where endocrine syndromes have an influence on both 
hearing and the endocrine target organs.

Specific aims:
1.	 To describe the audiometric features in young women with Turner 

syndrome and the extent of hearing rehabilitation with hearing aids 
(Study I).

2.	 To investigate the effect of estrogen substitution, growth hormone and 
anabolic steroid treatment on hearing in young women with Turner 
syndrome. This research has been conducted using two cohorts with 
different treatment schemes (Study II).

3.	 To investigate a possible direct effect of progesterone via progesterone 
receptors in the inner ear (Study III).

4.	 To investigate the natural history of the development of hearing loss 
and vertigo in children and young adults with Pendred syndrome and 
DFNB4 and to describe the results on hearing, language and social 
skills development after cochlear implantation in these individuals 

	 (Study IV).
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SUBJECTS AND METHODS

Subjects and design

Studies I and II
Sixty-four women with Turner syndrome between the ages of 25-38 were 
included from the Turner center at Karolinska University Hospital. The wo-
men were recruited from two time-frames and were born between 1973 
and 1985 (n=35, mean age: 32.4 years) in the recent cohort, and from 1954 
to 1967 (n=29, mean age: 32.7 years) in the historic cohort. The two cohorts 
were chosen to compare the effects of estrogen substitution, growth hor-
mone, and anabolic steroid treatment before and after the introduction of a 
new treatment guideline 1980 (study II). In study I all subjects were pooled 
to describe the audiological features in this age-span of young women with 
Turner syndrome. 

All subjects performed or had performed a pure-tone audiometry with  
air- and bone conduction thresholds (0.125-8 kHz and 0.5-4 kHz respec- 
tively). The type and degree of hearing loss as well as type of audiometric 
configuration was identified and the degree was compared to a Swedish  
cohort comprised of normal hearing individuals. Information about estro-
gen, growth hormone and anabolic steroid treatment, karyotype, otitis  
proneness, ear surgery, spontaneous puberty, smoking, family history of 
hearing loss, treatment with ototoxic medication and the use of hearing aids 
were collected from the patients’ charts. These studies were approved by 
the regional ethics committee (No 2012-374-311).

Study III
In total sixteen inner ears from 3-12-month-old, male and female Sprague 
Dawley rats and two 60 years old postmortem donated human inner ears 
were used in this study. All rats were bought from the Jackson Laboratory 
and were housed locally in a controlled environment with food and water 
ad libitum. The rats were euthanized after being deeply anaesthetized with 
Xylazine, Ketaminol and thereafter carbon monoxide was used. The inner 
ears were removed and, depending on the method of investigation, decal-
cified, paraffin-embedded and sectioned for immunohistochemistry, dissec-
ted from surrounding bone for PCR or placed in an ice-cold solution of com-
plete protease inhibitor for the Western blot. All animal experiments were 
approved by the Animal Care Committee in Stockholm, Sweden (N359/02, 
N370/04, N200/5 and N157/09).
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The two human inner ear specimens were donated to us. Both cochleae were 
from 60-year old females with no previous history of hearing disease or hea-
ring loss. The first cochlea was harvested post mortem in Austria and used 
for the immunohistochemistry studies. The second cochlea was harvested 
during skull base surgery for Schwannoma and was prepared and cryosectio-
ned in Uppsala to be used for immunofluorescence studies. The use of the 
specimens was approved by local ethics committees in Austria and Uppsala 
(no.99398, 22/9 1999, no.C254/4, no. C45/7 2007).

Study IV
Twenty-nine individuals, aged between 1.8-25.2 years, diagnosed with 
LVAS and/or IP2 inner ear malformation, and implanted with unilateral or  
bilateral cochlear implants as children participated in the study. Five individu-
als had genetically diagnosed Pendred syndrome. The hearing history could be  
divided in three distinct subgroups: (1) severe to profound congenital  
deafness and early surgery (before the age of 2 years), (2) late implanted con-
genitally deaf children or hearing aid users with moderate to severe hearing 
loss, but slow progress in speech development and (3) progressive deafness 
with hearing aids preoperatively with a history of good hearing. They all partici- 
pated in a full day of investigations including hearing tests, speech and  
language tests, vestibular and balance tests, and a structured medical interview.  
Questionnaires were distributed to parents and teachers regarding social 
and cognitive skills. Retrospective information regarding surgery, electrode 
use and adverse effects was collected from the patients’ charts. MRI and/
or CT scans were reviewed and systematically analyzed. This study was  
approved by the regional ethics committee (2014/2068-31/2).

Audiology

Pure tone audiometry and audiometric features
In order to establish the hearing level of the quietest sound detectable for an 
individual the normal “hearing test”, pure tone audiometry, is performed in a 
sound proof room. Adults and older children listen to a sound in headphones 
and push a button when the sound is detected. For the younger children, a 
behavioral observation audiometry is performed when the audiologist de-
tects a behavioral change in the child as a reaction to a given sound. Air con-
duction and bone conduction audiometry for the frequencies 0.125-8 kHz 
and 0.250-4 kHz respectively was performed in studies I, II and IV. Pure tone 
average (PTA4) were calculated as the mean of 0.500, 1, 2 and 4 kHz and was 
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used to determine the degree of hearing loss according to the HEAR-classifi-
cation  (figure 5, table 6) (50). In studies I and II, type of hearing was classified 
as: normal hearing, sensorineural-, conductive- or mixed hearing loss. Nor-
mal hearing was classified as a hearing level per frequency better than 20dB, 
a hearing level per frequency 20 dB or worse with a difference between bone 
and air conduction of less than 15 dB was classified as sensorineural hearing 
loss and a difference between bone and air conduction of 15 dB or more 
with a normal bone conduction was classified as conductive hearing loss. A 
mixed hearing loss had a difference of 15 dB or worse between air and bone 
conduction with a bone conduction worse than 20 dB. The classification of 
hearing loss was divided into five different subtypes according to the modi-
fied classification by Hederstierna et al (47). The types are high-frequency 
sloping, mid-frequency u-shaped, flat loss and low-frequency rising (figure 
5).

Definitions

Grade of hearing loss according to HEAR
    Normal hearing <20 dB
    Mild hearing loss 20-<40 dB
    Moderate hearing loss 40-<70 dB
    Severe hearing loss 70-<95 dB
    Profound hearing loss 95 dB and above

Configuration
    High-frequency sloping The average threshold at 0.5 and 1 kHz is ≥15 

dB better than the average of the thresholds 
at 4, 6 and 8 kHz

    Mid-frequency u-shaped One or more adjacent thresholds between 
0.75 and 2 kHz are ≥20 dB poorer relative 
to any thresholds at lower frequencies and 
≥15 dB poorer relative to threshold at higher 
frequencies

    Flat loss Thresholds across frequencies 0.25-8 kHz do 
not vary more than 15 dB from each other

    Low-frequency rising The average of the thresholds at 0.25 and 0.5 
is ≥15 dB poorer than the average of the th-
resholds at 4, 6 and 8 kHz

Table 1: Definitions of the grade of hearing loss according to HEAR (50) and the different 
configurations in accordance to Hederstierna et al 2007 (47).
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Speech Audiometry and Adaptive HINT
Children and adults with cochlear implants usually have difficulty hearing in 
noisy environments (discrimination). In order to assess the level of discrimi-
nation three different methods were used in study IV: speech audiometry in 
quiet and noise and adaptive HINT (Hearing In Noise Test). Hearing in noise 
has a higher demand on the overall auditory system due to the activation 
of both primary auditory cortex and other auditory associated areas in the 
brain. Loss of function in the auditory associated areas e.g. in aging or hea-
ring impairment will hamper the hearing in noise (51).

The participants in study IV performed speech audiometry in quiet from the 
age of four, where they listened to lists of twenty-five monosyllabic phonetic 
balanced words and were asked to repeat what they heard. The test was 
then performed in background noise that had a fixed signal to noise ratio of 
0 dB (52).  The speech and noise test was performed from the age of six. The  
result is presented as a percentage of correct answers. In the adaptive HINT 
the participants listened to lists of short phrases in which the signal to noise 
ratio was changed in regard to correct or false answer (53). The result is the  
level of background noise in dB where the individual can repeat 50% of phrases  
correctly resulting in a test without an upper or lower limit.

Sound-localization
Sound-localization is important for directional hearing as well as hearing in 
noise. Persons with hearing impairment have difficulty with both. A better 
result has been shown with bilateral cochlear implants when comparing with 
a unilateral listening situation (52). The patients’ age at time of implanta-
tion and the time between implantation in the two ears also play key roles 
(52, 54). In this test, used in study IV, the individual were placed in front of 
five loudspeakers covering 180 degrees with an inter-loudspeaker spacing 
of 45 degrees. The patient utilized their best-hearing solution (e.g. bilate-
ral cochlear implants; bimodal hearing aid and cochlear implant; unilateral 
cochlear implant) (52). A sound was presented and the individual was in-
structed to indicate the source of the sound. The sounds were given in a 
random order from the multiple loudspeakers, for ten repetitions. An error 
index (EI) was calculated based on the sum of all azimuth errors in the test. 
This resulted in a value between 0 and 1 where 0 is a perfect match and 1 
corresponds to complete guessing. A result >0.540 was regarded better than 
chance. This test was performed from the age of four.
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Laboratory tests

Sprague Dawley rats were used for all laboratory work, a model well used for 
mapping receptors in the inner ear.

Immunohistochemistry
This method used in study III is employed to map the existence, locali- 
zation, and distribution of receptors in tissues. A standard immunohisto-
chemistry technique (avidin-biotin-peroxidas) was mainly used for the rat  
cochleae and a standard immunofluorescence staining in the human specimen.  
These techniques utilize the antibody-antigen connection principle by using 
an antibody specific for the target protein in question, in this case Proges-
terone receptors A and B and both together (PRA, PRB, PR). In immuno- 
histochemistry, a second antibody chemically linked to peroxidase will bind 
to the first and this step will make it possible to identify the protein by  
staining. In immunofluorescence, the second antibody is labeled by a 
 detectable fluorescent dye.

For the immunohistochemistry, thin sections from dissected, decalcified and 
paraffin imbedded inner ears from twelve rats (six 3-month old females and 
six 12-month old males) and one human specimen were used. They were 
stained with the following antibodies: NCL-PGR312 for PRA, MA1-411 for 
PRB and MA1-410 for PR, according to the routine protocol in the labora-
tory (55). For negative controls the antibody was replaced by non-immune 
serum and tissue from rat and human uteri was used for positive and nega-
tive controls. After being incubated with the second antibody (biotinylated 
horse anti-mouse IgG antibody), followed by horse-radish peroxidase-avidin-
biotin complex a DAB-staining for exposure times from 20-90 s was used 
and then counterstained with hematoxylin. The sections were inspected and 
photographed by using a Zeiss Axioplan microscope connected to a PixieLINK  
camera.

The immunofluorescence staining technique was used for enabling visualiza-
tion of both the PRs and the cell nuclei in the human section. A fresh frozen, 
thin section was incubated with the same primary antibodies as used in the 
rat sections, but as second antibody Alexa 488 (for green fluorescence) and 
DAPI (for blue nuclei fluorescence) were used. Human uteri were used as 
positive and negative controls. The staining was visualized in a Zeiss LSM510 
confocal microscope with appropriate filters and excitation wave-lengths.
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PCR, Polymerase chain reaction
This method was used in study III in the attempt to amplify PRB mRNA from 
the inner ear. The DNA is denaturized by a brief heating and then cooled to 
allow primers to attach to its target sequence after which a DNA polyme-
rase will make a new copy of the mRNA with the use of nucleotides in the 
surrounding liquid. This sequence will be repeated several times to be able 
to multiply even small quantities of mRNA exponentially into measurable 
amounts. The end-product is then controlled by using an agarose gel elec-
trophoresis, size-separating the RNA product and the gel is stained to iden-
tify the result.

Four cochleae from two 3-month old female rats were micro-dissected from 
the surrounding bone and isolated using RNeasy® mini kit. After preparation, 
PCR was performed in a thermal cycler (2720 Thermal cycler) and the PCR 
products were stained with GelRed and analyzed on a 2% agarose gel.

Western blot
This is a third method used in study III in the attempt to identify PRA and PRB 
proteins in the inner ear. By lysing the cells, the proteins are extracted and 
size-separated by gel electrophoresis. With the knowledge of the protein-
size (120 kD for PRB and 80 kD for PRA) the progesterone receptors can be 
identified after antibody binding.

Two one year old rats, in total four cochleae, one from each sex were used. 
The frozen tissue was homogenized in a MagnaLyser separately for the male 
and the female cochleae and the cytosolic fraction was separated. A nuclear 
extraction buffer produced the nuclear fraction after centrifugation. In order 
to ensure the protein-content a BSA-protein assay kit was used showing 20 
µg protein in the cytosolic fraction and 10 µg in the nuclear. The proteins 
were then separated in a NuPAGE 4-10 % Bis-Tris gel and transferred onto a 
polyvinylidene difluoride membrane to enable interaction with the antibody. 
Transfer efficacy was controlled by a MemoCode reversible Protein stain kit. 
To reduce non-specific binding the membrane was placed in a blocker me-
dium (Odyssey blocking buffer) before incubated with PR antibody (MA1-
410). The second antibody (IRDye800- and IRDye680 conjugated secondary 
antibodies) was added before band detection was performed using direct 
infrared fluorescence detection. A rat uterus and GAPDH´40 (an added pro-
tein with the size of 40 kD) served as control.
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Speech and language, cognitive and social skills

All tests regarding speech and language and cognitive skills in the partici-
pants were performed by an experienced Speech and Language therapist in 
regard to their age. Social and pragmatic skills, as well as the participants’ 
mental health, were measured by questionnaires completed by the parents 
of children under the age of 18. The test-battery aimed to recognize any 
specific difficulties in this cohort with cochlear implants due to Pendred syn-
drome or DNFB4.

Speech and language tests
Several tests are regularly used to determine the speech and language level 
and progress for every cochlear implanted child at the Cochlear implant unit. 
This is performed to ensure the improvement and quick detection of a need 
for increased support. Speech and language tests are divided in receptive 
(passive) and expressive (active) knowledge and a deficit in one area or the 
other indicates different causes. A third part is the pragmatic skills test which 
determines the ability to adapt language usage to a social context. All tests 
have their specific age-frames which are the reason the participants were 
tested with different numbers of age appropriate tests.

The Peabody Picture Vocabulary test IV (PPVT IV), a picture identifying test, 
was used from the age of two to examine receptive vocabulary and the  
results were compared to American norms (56). The Boston Naming Test 
(BNT) used from the age of four is a picture naming test, designed to measure 
expressive vocabulary. The Boston Naming Test resulted in a raw score which 
was translated into a stanine compared with Swedish normative data (57). 
For the level of expressive grammar, the in-house scale (Syntax) was used 
with the scores 1-8 where 1 was equal to “no use of voice with intent” and 
8 been equal to “typical or correct expressive grammar and sentence level” 
(58). The Speech and Intelligibility Rating scale 2 (SIR2) evaluates the level 
of understandable speech (59). Finally, the parents answered the Children’s 
Communication Checklist 2 (CCC-2), a questionnaire regarding pragmatic 
skills in children four to fourteen years of age (60). The results were com-
pared with English norms. A Level of spoken language development was  
determined, based on the results of all tests and test-scores within a year 
from age-matched normal hearing individuals were rated as age-equivalent.
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Cognitive tests
Knowledge of the cognitive capabilities of a child is useful in learning situa-
tions in order to adapt the level of difficulty and in choosing exercises. Here 
they are used as screening tools for cognitive deficits. Two different assess-
ments were used. 

Raven colored matrices is a test for non-verbal cognitive ability for children 
four to twelve years of age. The score is transferred to percentiles and com-
pared to English norms (61). A parent and teacher questionnaire, Behavior 
Rating Inventory for Executive Functions (BRIEF), was used for evaluating the 
executive functions from the age of two (62). Test results were compared 
with American norms.

Social skills
Social skills, mental health and speech and language development are  
closely interconnected. There is a risk, especially in children with hearing 
impairment, for speech and language delays which could affect social inte-
raction. In order to screen the participants for social skills and mental health 
issues, the Strength and Difficulties Questionnaire was answered by parents 
and teachers (63). It contains 25 items grouped in five subscales: emotional 
symptoms, conduct problems, hyperactivity-inattention, peer problems and 
prosocial behavior. The score is validated in Swedish as well as for people 
with hearing impairment (64, 65).

Surgery

The 29 patients with LVAS and/or IP2 malformation had had a normal cochle-
ar implant procedure at the Karolinska University Hospital after preopera-
tive investigations regarding speech and language, hearing and vestibular 
function, medical assessment, electrocardiography (ECG) and imaging (MRI 
and/or CT scan). The surgery was performed during general anesthesia by 
a limited mastoidectomy and a posterior tympanotomy to reach the round 
window while preserving the facial nerve and corda tympany (the taste 
nerve). The electrode was then introduced into the Scala tympani via the 
round window, a cochleostomy or, in some cases, an extended round win-
dow procedure. As an extra precaution, nerve monitoring of the facial nerve 
is compulsory during surgery. All patients were given one dose antibiotics 
and cortisone in accordance to their weight during surgery. The patients  
stayed overnight postoperatively and had a plain x-ray for control of electrode  
placement the following day before leaving the hospital.
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Radiology

All available MRI and CT scans were reviewed by an experienced radiologist 
and an ENT surgeon. The x-rays were reexamined for modiolar dysplasia, apex 
dysplasia, asymmetric relation between Scala vestibuli and tympani (Scalar 
asymmetry), vestibular aqueduct enlargement (>1.5 mm), semicircular canal 
anomalies and symmetrical findings between inner ears (figure 4).

Statistics

Non-parametric tests were used in studies I, II and IV due to the small num-
ber of participants and non-normal distribution of variables. Chi2 tests were 
applied to determine a significant difference between two groups regarding 
a dichotomous outcome. For calculations where there were less than five 
individuals in one or more of the possible turn-outs, the Fischers exact test 
was used. The Mann-Whitney U-test compares ordinal data from two inde-
pendent groups. If more than two groups were compared Kruskal Wallis test 
was applied. Binary multiple regression was used in study II for evaluation 
of treatment effect of estrogen substitution, anabolic steroid and growth 
hormone treatment on hearing adjusted for karyotype, spontaneous puber-
ty, and otitis proneness. Significance was regarded as p<0.05 with *<0.05, 
**<0.01 and ***<0.001. All analyses were performed using SPSS version 22.
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RESULTS

Studies I and II

Seventy-seven women with Turner syndrome were identified and 64 (83 
%) were finally included, 35 out of 45 women in the recent group and 29 
out of 32 in the historic group. Fifty-three percent had karyotype 45,X, 14 % 
46,X,i(Xq) and 33 % a mosaics karyotype. The percentages in-between these 
groups differed in the recent and historic cohort but when comparing 45,X 
and 46,X,i(Xq) versus mosaics there was no significant difference between 
cohorts (p=0.796). Collected medical data are presented in table 1.
 

45,X
(%)

46,X,i(Xq)
(%)

Mosaic
(%)

Recent 
(%)

Historic  
(%)

All
(%)

Missing  
(%)

n 34 (53) 9 (14) 21 (33) 35 (55) 29 (45) 64

Mean age 32.3 32.8 32.8 32.4 32.8 32.6

Mean age at detection 8.4 12.0 16.6 7.9 15.1 11.2

Genotyp

   - 45,X 21 (60) 13 (45) 34 (53) 0

   - mosaic 11 (31) 10 (34) 21 (33) 0

   - 46,Xi(Xq) 3 (9) 6 (21) 9 (14) 0

Treatment

   - None 0 (0) 0 (0) 3 (14) 1 (3) 2 (7) 3 (5) 0

   - Estrogen 34 (100) 9 (100) 18 (87) 34 (97) 27 (93) 61 (95) 0

   - Growth hormone 21 (62) 3 (33) 10 (48) 33 (94) 1 (3) 34 (53) 0

   - Anabolic steroids 22 (65) 7 (78) 9 (43) 23 (66) 15 (52) 38 (59) 0

Mean treatment length 
(year)

15.8 15.4 10.7 16.1 12.4 14.1 2 (3)

Mean estrogen score 21.9 22.2 15.2 20.1 19.4 19.8 2 (3)

Spontanous puberty 4 (12) 3 (33) 13 (62) 9 (26) 11 (38) 20 (31) 0

Otitis prone as a child 18 (53) 4 (44) 8 (38) 18 (51) 12 (41) 30 /47) 2 (3)

Otosurgery 4 (12) 2 (22 3 (14) 3 (9) 2 (7) 5 (8) 1 (2)

Hearing aid 6 (18) 1 (11) 0 (0) 3 (20) 5 (17) 8 (11) 2 (3)

Ototoxic substances 0 (0) 1 (11) 0 (0) 0 (0) 1 (3) 1 (2) 30 (47)

Family history of hea-
ring loss

3 (9) 2 (22) 3 (14) 2 (6) 6 (21) 8 (13) 23 (36)

Smoking 3 (9) 0 (0) 3 (14) 0 (0) 6 (21) 6 (9) 8 (13)

Table 2: Collected medical data for all subjects divided in karyotype and cohort respectively.



38

Åsa Bonnard 2017

Audiologic configuration
In general, women with karyotype 45,X and 46,X,i(Xq) suffered from poorer 
hearing thresholds than the group with mosaic karyotype (p=0.034). There 
was no significant difference between the results for 45,X and 46,X,i(Xq) re-
gardless of type, configuration or grade. Sensorineural hearing loss was the 
type of hearing loss most frequently seen in the participants (45 %) and with 
a predominance in karyotype 45,X and 46,X,i(Xq). They also showed a higher 
percentage of high-frequency sloping and mid-frequency u-shaped configu-
rations. In Figure 8, the mean hearing level divided by degree of hearing 
loss according to HEAR in paper I is presented. The characteristic progress 
in hearing loss from normal hearing with a slight mid- and high-frequency 
dip transforms into a more pronounced mid-frequency dip and mild hea-
ring loss. In the group with moderate hearing loss the progress is worse in 
the high frequencies, resulting in a classical sloping configuration, hiding the 
mid-frequency dip.

Figure 8: Median hearing thresholds per frequency and divided by grade of hearing loss according to 
HEAR (50).

Compared with an otologically unscreened, non-occupationally noise-expo-
sed Swedish population of 337 women between 18-80 years of age, the wo-
men with Turner syndrome (aged 25-38) had a median hearing level, in the 
low and high frequencies, slightly worse than 50-59 year old women in the 
normal population. In the mid-frequencies (b), they resembled 60-69 year 
old women. Divided in grade of hearing loss according to HEAR, the normal 
hearing women with Turner syndrome had a hearing in level comparable to 
50-59 year old women with normal hearing (a).
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Figure 9: Median hearing in normal hearing women with Tuner syndrome (a) and the median hea-
ring level all women with Turner syndrome (b) (all aged 25-38) compared with a Swedish cohort of 
non-occupationally noise-exposed women aged 18-80.

Figure 10: Mean hearing thresholds in women with Turner syndrome with and without GH treat-
ment a), anabolic steroid treatment b), otitis proneness c) and spontaneous puberty d). A statisti-
cally significant difference (*) was found in univariate tests (Mann-Whitney U-test) regarding GH 
treatment at 3-8 kHz, anabolic treatment at 0.125-0.25 and 1-1.5 kHz, otitis proneness at 0.125-
0.5 kHz as well as spontaneous puberty at 3-4 kHz.

Hearing and Endocrine Treatment
There were no correlations of hearing loss per frequency, type of hearing or 
configuration with estrogen treatment regardless of time or dosage. Estro-
gen scores show no correlation, except for a negative association between 
estrogen score and mid-frequency u-shape configuration. Growth hormone 
treatment had a significant negative association with sloping configuration 
and hearing loss in the high frequencies independently of karyotype, oti-
tis media proneness and spontaneous puberty (figure 10). Anabolic steroid 
treatment had a significant positive association with sloping and a positive 
correlation with otitis proneness.
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Cohort and Hearing
A significant difference was identified in the prevalence of normal  
hearing (p=0.036) and risk for sloping configuration (p=0.017) between the  
cohorts with less normal hearing and more sloping configuration in the recent  
cohort. Regarding back-ground factors there were significantly more women 
with growth hormone treatment (p=0.000), estrogen treatment for a longer 
period (p=0.001), but with lower total estrogen score (p=0.024), and fewer 
number of smokers (p=0.007) in the recent cohort.

Hearing aids
Eight women out of 64 (12.5 %) were already rehabilitated with hearing aids 
at the time of inclusion in the study and with a hearing ranging from mild to 
severe according to HEAR (50). Two women had at least one ear with a seve-
re hearing loss and were both fitted with hearing aids, however, only about 
one third of women with moderate hearing loss were fitted. All of them had 
sloping or mid-frequency u-shaped configuration.

Study III

Immunohistochemistry/Immunoflourescence
There was no visible staining of PRA, PRB or PR in the organ of Corti, stria 
vascularis or spiral ganglion in rats or humans after repeated staining. In the 
surrounding cochlear bone, a nuclear staining of both PRB and PR could be 
identified. A weak cytoplasmic staining of PRB in large ganglion cells was 
seen in both paraffin embedded and fresh-frozen human samples but not in 

Figure 11: Immunohistochemistry for progesterone receptor A (PRA) showing no  
nuclear staining in spiral ganglion in human inner ear (A) and a positive nuclear staining in  
endometrial controls (B) but none in negative controls (C). A positive nuclear staining for 
progesterone receptor B (PRB) in surrounding bone (black arrows) in rat inner ear is shown 
in figure D).
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the rat inner ear. A shade of this was noted in human specimens using the 
PR antibody. The positive and negative controls showed a correct nuclear 
staining pattern in regard to their treatment except for PRA in rats were the 
antibody did not show any staining neither in the inner ear nor the endo-
metrial controls, e.g. the PRA antibody was non-functioning. Therefore, we 
used a PR antibody staining both PRA and PRB at the same time, in order to 
investigate if PRA could be present in the inner ear. The results were nega-
tive, showing no nuclear staining in the inner ear.
 
PCR
The PCR was only performed in rat due to a lack of human specimen. There 
was a negative result on the PCR for PRB in the rat organ of Corti, stria vascu-
laris and spiral ganglion confirming the results of the immunohistochemistry.

Western blot
For minimizing protein loss, the whole rat cochlea, as well as bone, was in-
cluded in the Western blot. PRB could be detected in both nuclear and cyto-
plasmic fractions in male and female rats, but there was no detection of PRA. 
This concludes the findings of PRB in the surrounding cochlear bone and a 
lack of PRA in the inner ear.

Study IV

Twenty-nine patients, all of whom underwent cochlear implant surgery as 
children between 1991 and 2016, were included in this study and divided 
in three groups in regard to their hearing history. This was done in an at-
tempt to sort out some of the problems due to a significant difference in 
demographic data regarding age, age at implantation, history of hearing per-
formance, hearing aid use and schooling. This is in part due to historical dif-
ferences in postoperative rehabilitation. One child with a neuropsychiatric 
disorder was excluded from statistical calculations. The definition of groups 
and demographics regarding number, sex, age and hearing history are pre-
sented in table 3. Eighty-six percent used spoken language as their primary 
language and 45 % were fluent in sign language probably reflecting the dif-
ferent historic conditions for children with severe to profound hearing loss 
in Sweden, where sign language was the main language for deaf children 
for decades. Fifty-two percent had bilateral cochlear implants, 7 % had uni-
lateral with one deaf ear and 41 % had bimodal solutions (a hearing aid in 
one ear and a cochlear implant in the other). Forty-one percent attended 
mainstream school and as many as 23 % were or had been attending deaf, 
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signing schools. In the structured medical interview, there were two unex-
pected findings regarding general behavior. Fifty-nine percent of the partici-
pants had or had had sleeping disturbances such as difficulty falling asleep 
or repeatedly waking up at night. Sleeping disturbances were not correlated 
to particularly poor results in speech and language tests. Difficulty concen-
trating was reported by 52 % and this group had significantly lower score on 
the expressive vocabulary tests.

Total Group 1 Group 2 Group 3

Nb 29 8 12 9

Sex (F/M) 13/16 3/5 6/6 4/5

Median age 8.7 (1.8-25.2) 3.7 (1.8-12.1) 9.4 (3.9-25-2) 11.9 (6.9-15.3)

Median age at implant 

    -   first 3.1 (0.4-12.6) 0.9 (0.4-1.9) 3.1 (2.0-6.0) 5.1 (1.8-12.6)

    -   second 2.5 (0.7-13.3) 1.5 (0.7-2.3) 4.1 (2.5-11.0) 12.0 (10.7-13.3)

Congenital deafness 10 (34) 7 (88) 3 (25) 0 (0)

Early progress (<2 years) 8 (28) 1 (12) 6 (50) 1 (11)

Slow progress (>2 years) 11 (38) 0 (0) 3 (25) 8 (89)

Hearing mode

CI + CI 15 (52) 7 (88) 6 (50) 2 (22)

CI + HA 12 (41) 1 (12) 4 (33) 7 (78)

CI + deaf 2 (7) 0 (0) 2 (17) 0 (0)

School 22 3 10 9

    -   mainstream 9 (41) 2 (67) 2 (20) 5 (56)

    -   special unit 8 (36) 0 (0) 4 (40) 4 (44)

    -   deaf school 5 (23) 1 (33) 4 (40) 0 (0)

Language

    -   spoken  language as  
        primary

25 (86) 7 (88) 10 (83) 8 (89)

    -   fluent in sign language 13 (45) 3 (38) 6 (50) 3 (33)

Table 3: Background information regarding hearing history, schooling and language in the 
3 groups and together. Group 1 = congenital or early progressive hearing loss with early 
implantation (<2 years of age). Group 2 = congenital deafness with late implantation (>2 
years of age) and progressive hearing loss with preoperatively unsatisfying hearing aid use. 
Group 3 = children with progressive hearing loss and preoperatively good speech and langu-
age development. One participant in group 1 had a neurodevelopmental disorder and was 
not included in the results of the speech and language tests. The range is added between 
brackets for age and percentage between brackets for hearing history schooling and langu-
age. F = Female, M = Male.
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Surgery and adverse events
In total 46 surgeries were performed including two reoperations, one due to 
tip fold-over of the Nucleus CI532 electrode and one due to a failing implant. 
Due to repeated occasions with tip fold-over or near events also outside the 
study, CI 532 is judged not to be appropriate for implantation in patients with 
LVAS and IP2. Twenty individuals used implants from MedEl and nine from 
Cochlear. A round window insertion was performed in 34 cases without any 
complications regarding insertion. An oozing (mild CSF-leakage from the in-
ner ear) was reported in 21 of 30 (70 %) surgeries but the status was unknown 
in 16 cases. Ten cases had nausea (22 %) and vertigo was seen in five patients 
(11%) after surgery. In all but two cases the postoperative nausea or vertigo 
did not prevent discharge from the ward the day after surgery. No antiemetic 
drugs other than cortisone are given routinely during surgery. One patient 
had to stay another night due to a suspicion of CSF-leakage which was trea-
ted conservatively with bedrest. No CSF leakage could be confirmed.

Radiology

Nb % Missing Group 1
(missing)

Group 2
(missing)

Group 3
(missing)

Aqueduct enlargement 26/26 100 1 7/7 (1) 10/10 9/9

Vestibular enlargement 25/27 93 0 8/8 9/10 8/9

Symmetric malformation 23/26 88 1 7/8 9/10 7/8 (1)

Modiolar dysplasia 22/27 81 0 7/8 8/10 7/9

Apex dysplasia 9/13 69 14 4/5 (3) 3/5 (5) 2/3 (6)

Scalar asymmetry 8/26 31 1 4/8 4/10 0/8 (1)

Semicircular canal anomaly 7/27 26 0 5/8 2/10 0/9

Table 4: The number and percentage of inner ear malformation and the rate of inner ear 
malformation in each group. Group 1 represents congenital or early progressive hearing loss 
with early implantation (<2 years of age). Group 2: congenital deafness with late implanta-
tion (>2 years of age) and progressive hearing loss with preoperatively unsatisfying hearing 
aid use. Group 3 includes children with progressive hearing loss and preoperatively good 
speech and language development.

X-rays from 27 participants were possible to retrieve while three had a CT 
performed only, seven had a MRI only and seventeen had both a CT and 
an MRI. Eighty-nine percent (n=24) of the participants presented with LVAS  
bilaterally, 7 % (n=2) unilaterally and one was indecisive. IP2 malformation 
was present in 81 % (n=22), all bilaterally. Further radiological details are 
presented in table 4. There were no associations between the radiological 
findings and speech and language outcomes. Scalar asymmetry and semi-
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circular canal anomaly were associated with a negative effect on speech re-
cognition in quiet independent of age and were significantly more common 
in group 1 than group 3 (p=0.035, p=0.011).

Hearing
The mean speech recognition scores were 74 % in quiet and 34 % in noise 
with a significantly better result in group 3 (late implanted with history of 
good hearing) than in group 2 (late implanted with insufficient hearing for 
speech and language development) in quiet (p=0.004). There are no signi-
ficant differences between groups regarding speech recognition in noise, 
adaptive HINT or sound localization. Participants with a history of fluctua-
tion in hearing had a significantly higher score on speech recognition in both 
quiet and noise (p=0.003, p=0.046), adaptive HINT (p=0.028), bimodal hea-
ring (0.037) and a higher incidence of sleep disturbances (p=0.005). Only one 
participant out of 13 had a negative speech-to-noise ratio on the adaptive 
HINT test compared with 70 % of normal hearing children aged 6-11 years.

Speech and language
Sixty-one percent had speech and language abilities estimated as age-equi-
valent or better including all in group 3 but less than half in group 2. The 
group presented weak results regarding expressive vocabulary but normal 
results on receptive vocabulary. All results in spoken language abilities were 
significantly correlated with speech recognition in quiet but not in noise 
(p=0.000-0.006). There was a generally low total score in the 19 participants 
who concluded the pragmatic skills questionnaire (CCC-2) with a particularly 
low score on the questions regarding “speech”. Participants attending a spe-
cial unit or deaf school had significantly lower scores on the questions regar-
ding “semantics” (p=0.030) as well as on expressive vocabulary (p=0.043). 
Participants with reported motor problems during childhood had a signifi-
cantly negative effect on the receptive vocabulary test (PPVT) (p=0.009) and 
the expressive vocabulary test (BNT) (p=0.020) when corrected for age.

Cognitive function and social skills
The overall results for executive function, non-cognitive skills and social skills 
were normal. Participants with fluctuation in hearing and hereditary predis-
position for dyslexia had significantly higher scores on emotional problems 
graded by their parents (p=0.012, p=0.007). Participants with hereditary pre-
disposition for dyslexia also had significantly more problems on the parental 
total score and hyperactivity-inattention behavior (p=0.010, p=0.025) but 
this was not supported by the teacher scores which indicated problems at 
home but not in school. 
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DISCUSSION

Hearing in two endocrine syndromes

Endocrine systems have a strong interaction with hearing and the develop-
ment of the inner ear. In Turner syndrome, as in Pendred syndrome and 
DFNB4 there is a vulnerability of the inner ear closely connected with the 
syndrome. Young adults with Turner syndrome already have a hearing situa-
tion on par with women at least twenty year older, in a Swedish cohort, and 
the need for hearing rehabilitation is high from an early age. The estrogen 
substitution does not seem to improve hearing although the combination 
with progesterone might interfere with the results. The pathway for proges-
terone interference on hearing is still unclear since we could not demon-
strate a presence of nuclear progesterone receptors in the inner ear of rat 
and human. Significantly worse hearing in the high frequencies was seen in 
growth hormone treated women but other environmental factors cannot be 
excluded. In Pendred syndrome and DFNB4, a severe to profound hearing 
loss is seen. This hearing loss often has an early onset leading to a need 
for hearing rehabilitation with a cochlear implant. The speech and language 
results show low results in expressive vocabulary and pragmatic skills and 
vertigo, fluctuating hearing, motor problems and sleeping disturbances were 
common.

Hearing in Turner syndrome, Pendred syndrome and DFNB4
In Turner syndrome, the hearing problems are divided in three stages with 
childhood otitis-dependent conductive hearing loss, mid- and/or high-fre-
quency sensorineural hearing loss starting as a mild type in youth and pro-
gressing to mild-severe with age. In study I the rates of conductive (1.6 %) 
and mixed (6.3 %) hearing loss were in the lower range compared to other 
studies in the same age-span where the rate was 3- 8 % for conductive and 
4-24 % for mixed hearing loss (23, 66). This could be due to a lower percen-
tage of otitis proneness (47 %) in the current study. Even though conductive 
and mixed hearing loss was sparse, 52 % of the women had hearing loss in at 
least one ear. The only other study published, by Verver et al, concentrating 
on women in a similar age-span showed a hearing loss in 66 % but that co-
hort had a higher incidence of otitis media and middle ear surgery that might 
explain the difference (66). The most common configurations were high-fre-
quency hearing loss and mid-frequency dip both most frequent among wo-
men with karyotype 45,X and 46,X,i,(Xq). This is in coherence with the results 
from King et al and Beckman et al (23, 67).
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Compared to the mild to moderate, progressive hearing loss in Turner syn-
drome, hearing in Pendred syndrome is regarded as mainly profound, bilate-
ral, and congenital (31, 38, 68, 69). After the introduction of genetic testing, 
the phenotype in Pendred syndrome has started to be questioned due to dif-
ferent penetration within families regarding severity of hearing loss, thyroid 
enlargement, and the results on the perchlorate discharge test (a test of the 
organification of iodine in the thyroid decreased in Pendred syndrome) (68). 
Regarding this, the distinction between cohorts presented in the literature 
with Pendred syndrome, IP2 malformation, Mondini malformation, DFNB4 
and Large Vestibular Aqueduct syndrome is somewhat blurred, obstructing 
the possibility to compare the results. In the cohort of children in study IV, 
10 had a congenital deafness and 19 had progressive hearing loss with 11 
children presenting at least one normal ear in early childhood screening sho-
wing that a majority of hearing loss is not present at birth. Of the five pa-
tients with genetically confirmed Pendred syndrome only one had congenital 
deafness which is a result well representative of the diversity of the subject 
population. A fluctuation in hearing is often a precursor to a progressive hea-
ring loss common in patients with DFNB4. The risk of postponed diagnosis 
of a severe hearing loss due to uncertainty regarding the hearing results in 
children with LVAS and IP2 malformation is an important clinical knowledge.

Anatomical influences on hearing
In Turner syndrome, the lack of the growth-promoting SHOX-gene on the X-
chromosome responsible for the short stature, also affects the development 
of the skull base (15, 17, 25, 70-72). This influences the placement and deve-
lopment of the Eustachian tube that is suggested to be the reason for the in-
creased risk of otitis media and negative middle ear pressure. The incidence 
of otitis media is between 61-82 % and conductive hearing loss is common 
during childhood and adolescence (16, 17, 73). No immunological deficits 
have been determined to be responsible for the increased rate of middle ear 
infection (74). The frequency of tympanic membrane retraction and choles-
teatoma forming is elevated in women with Turner syndrome resulting in the 
need for surgical intervention and a risk for an iatrogenic negative effect on 
hearing (19). 

The hearing loss in Pendred and DFNB4 is related to an inner ear malforma-
tion in contrast to Turner syndrome where the inner ear is usually normally 
configurated (15, 70). Even though a cochlear malformation, in addition to 
LVAS, gives the impression of a more severe malformation Ahadizadeh et al 
could not find any statistically significant difference in hearing between the 
two groups (69). In study IV a relationship between scalar asymmetry and 
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semicircular canal anomaly and speech recognition in quiet was found as 
well as a higher incidence of these malformations in the group with early im-
plantation. This might reflect a relationship between the severity of the mal-
formation, occurrence of congenital deafness and hearing outcome which 
has never before been presented. The numbers are small in the study, and 
further work is needed to show if this is a preoperative, predictive factor 
regarding hearing outcome.

Genetics
Both Turner syndrome and Pendred syndrome/DFNB4 are accompanied by 
a wide spectrum of phenotypes. The degrees of hearing loss, vertigo, tinni-
tus, fluctuating hearing and goiter (Pendred syndrome/DFNB4) differ as do 
the associated characteristics of short stature and autoimmune disorders in 
Turner syndrome. In Turner syndrome the degree of the loss of the X-chro-
mosome is more or less in parallel with the severity of symptoms with 45,X 
having considerably more comorbidities than mosaics as a group (12). On an 
individual level however, the phenotype penetration can vary which is why 
medical advice based on karyotype has to be carefully planned.

In Pendred syndrome and DFNB4 the association with mutations in the 
SLC26A4-gene is strong but differs throughout the world with a higher inci-
dence in Asian than in Caucasian populations (75, 76). The anatomical range 
from an isolated Large Vestibular Aqueduct to an IP2-malformation with or 
without an enlarged thyroid gland necessary for the criteria of Pendred syn-
drome seems not closely associated with karyotype even though homozy-
gote mutations in the SLC26A4-gene have a higher prevalence for Pendred 
syndrome in some studies (75-77). It is suggested that Pendred syndrome 
should be identified as a subtype of a SLC26A4-based syndrome with a spe-
cific pattern of penetrance instead of an isolated syndrome (78). However, 
in both Turner and Pendred syndromes the karyotype alone is not enough 
to explain the phenotype in each individual which is the reason why other 
factors, genetic and environmental, must be considered.

Mouse models
To further study the impact of the genetic characteristics and the genesis of 
the symptoms mouse models of both Turner syndrome and Pendred syn-
drome have been developed. The Turner mouse, 39,X is a strain with growth 
retardation, otitis proneness and early hearing loss in the high frequencies. 
It shows a loss of outer hair cells, most pronounced in the basal turn needed 
for high frequency hearing, and a reduced number of nerve endings con-
necting to the inner hair cells starting at the age of one year (79). The elec-
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tron microscopic imaging also showed lateral wall disintegration as well as a  
swelling in the vascular stria, signs that increase with age. The decrease in 
hearing thresholds in the higher frequencies on ABR followed the visual  
findings. The reason for these findings is yet unknown.

The Pendred knock-out mouse (SLC26A4 null mouse) is profoundly deaf, 
shows a vestibular dysfunction and has an enlargement of the endolymp-
hatic sac and duct as well as a cochlear hydrops (high fluid pressure) (32). 
The mouse model has helped in establishing the function and necessity of 
the Pendrin protein responsible for maintaining the acid-base balance of the 
endolymph. This balance is essential for creating the polarization in the hair 
cells necessary for the neural activity and signaling. A lack of Pendrin creates 
an acidification of the endolymph due to a reduced amount of bicarbonate 
secretion normally used to buffer the proton excess. There is an increased 
oxidative stress in the organ of Corti impairing the expression of KCNJ10 
in the stria vascularis. The KCNJ10-gene is responsible for a potassium- 
regulating channel necessary for the endocochlear potential. An impaired 
expression of the channel explains the inability of the hair cells to produce 
a nerve signal in response to audiological stimuli (8). Pendrin is located both 
in the cochlea and the vestibular organ in the ear, which could explain the  
effect on both hearing and balance. It is also found in the thyroid and  
kidneys.

Hearing rehabilitation
With a hearing loss in the high frequencies as in Turner syndrome, most of 
the fricative consonants (s, tj, f, k) in the Swedish language are lost leading 
to a difficult listening situation. This in combination with a mid-frequency 
dip affecting many of the vowels increases the difficulty identifying words 
(Figure 6). Despite this, only eight women out of 64 in study I used a hearing 
aid while two out of three with moderate hearing loss did not (80). Girls and 
women with Turner syndrome use hearing aids to a higher extent than the 
rest of the population (13, 17, 73), but regarding the results in the study I the 
process of hearing rehabilitation could be more active in order to prevent so-
cial isolation, difficulties at work and increased disability due to hearing (81).

In Pendred syndrome and DFNB4 there is a wide range of hearing loss from 
one-sided moderate to bilaterally profound. This range demands different re-
habilitation solutions, from hearing aids in mild to moderate hearing loss to 
cochlear implants in bilaterally severe to profound hearing loss. The cohort 
presented in study IV is concentrated on children with cochlear implants, a 
subgroup of this diagnosis.
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Cochlear implants in LVAS and IP2-malformation
Cochlear implantation in LVAS and IP2-malformation has been described 
as a safe procedure despite the risk for oozing of cerebrospinal fluid upon  
opening the cochlea (82). In order to prevent continuous leakage and  
meningitis, a tight soft tissue seal should be used around the inserted  
electrode regardless of a round window insertion or a cochleostomy. In  
study IV three children had to stay another night in the hospital due to a 
suspicion of cerebrospinal fluid leakage in one case and severe vertigo in two 
cases. In contrast with the results from Mey et al the presence of oozing/
gusher was common in study IV but did not seem to have a relationship with 
post-operative vertigo. The presentation of the postsurgical vertigo rate is 
sparse in the literature. In the study from Mey et al a postoperative rate of 
vertigo of 22 % was presented, i.e. higher than the 11 % in study IV (83, 84). 
On the other hand no rate of nausea was described in their study, whereas in 
our material some young children with vertigo might have been classified as  
suffering from nausea. In two studies of 300 and 475 non-malformed pe-
diatric cochlear implant patients respectively, only two children were re-
ported to have had postoperative vertigo showing that this complication in 
children without malformation is unusual (85, 86). The risk of vertigo after  
surgery is increased thus the patient and parents should be informed of the 
risk. Further examination of the results in search for possible prognostic pre-
operative factors will be performed.

Speech and language results 
The general conclusion in study IV showing normal results on the receptive 
vocabulary test, but surprisingly low results on the expressive vocabulary 
and pragmatic skills tests that is not previously reported. In the literature 
regarding children with LVAS with or without IP2-malformation and cochle-
ar implantation, there are few reported results on speech and language 
tests and the diversity of tests used are extensive, preventing a comparison  
between studies. Pritchett et al compared isolated LVAS with children with 
LVAS and IP2-malformation showing a non-significant advantage for the iso-
lated LVAS group (87). Regarding hearing tests, Ahadizadeh et al have shown 
the same difference with worse, but not statistically significant results for the 
LVAS and IP2-malformation group, although the groups were small in both 
studies (69). The lack of a control-group in our study prevents comparison 
with other cochlear implanted children at our clinic. However ongoing stu-
dies will improve this matter in the near future. 

Speech and language acquisition depends on several factors where hearing, 
attention and concentration, social skills, and motor performance all are im-
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portant parts. The cohort in study IV presented a lower median score on 
speech recognition in quiet compared with other studies regarding children 
with the same malformation (69, 88, 89). This might mirror the high grade 
of attendance to deaf, signing schools and special units where sign language 
is being used to varying degrees. Only 49 % were integrated in mainstream 
schools and 50 % were fluent sign language users, thus bilingual. Multiling-
ual, normal hearing children show the same pattern with lower results on 
expressive vocabulary, but normal on receptive vocabulary, a fact possibly 
explained by the reduced exposure to each language with less repetition 
(90). Neither sleeping disturbances nor fluctuating hearing had a negative 
effect on vocabulary or pragmatic skills in our material.

A heredity predisposition for dyslexia and parent-reported difficulties with 
concentration were associated with a sub pathologic score on hyperactivity-
inattention. Parent-reported difficulty to concentrate was also associated 
with lower scores on the expressive vocabulary and pragmatic skills tests. No 
child was diagnosed with dyslexia or hyperactivity disease, e.g. ADHD, to our 
knowledge. Hearing impairment might lead to difficulties with concentration 
and hyperactivity, but the high frequencies of these problems in this study 
are intriguing and needs further investigation. Meanwhile, establishing a 
personalized speech, and language learning environment is crucial.

Motor performance is an important factor in early communication develop-
ment. The ability to correspond to facial expressions, as well as interact with 
others, is dependent on mobility and the possibility to focus on interaction 
instead of movement (91). A possible competition between the focus on mo-
tor activity and hearing is also possible. In participants reporting childhood 
motor problems an association with decreased results in speech and langu-
age outcome was seen and is to our knowledge not reported elsewhere. This 
indicates a necessity to screen for motor problems and assure appropriate 
intervention, when needed, in order to improve the possibilities for the best 
hearing outcome. Further analysis regarding vestibular function and motor 
skills are currently ongoing in an attempt to verify these findings.

Hormonal treatment and hearing

Most articles in the literature show an overview of several periods in the 
lives of women with Turner syndrome. The present studies (studies I and II) 
concentrate on hearing in early adulthood focusing on hearing during that 
period of life and the evaluation of long term follow up after medical treat-
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ment. There is a significant difference in hearing between the recent and 
historic cohorts showing a decrease in hearing thresholds over time with a 
reduction in the number of normal hearing individuals as well as a higher risk 
for sloping configuration. This can be due to an inclusion bias caused by a 
higher rate of normal hearing women in the historic cohort while the normal 
hearing individuals in the recent cohort chose not to participate in the study. 
Normal hearing individuals are less likely to have been tested regardless of 
timeframe why this should reduce the risk for bias. There is a overrepresen-
tation of women with karyotype 45,X in the recent cohort compared with 
the historic cohort, however the relationship between karyotype 45,X and 
46,X,i(Xq) versus mosaic karyotype is comparable in the two cohorts. In the 
literature, a general decrease in hearing among the younger population in 
Sweden has been found, especially in women, and the reason for this is not 
known (1). There can therefore be a general cause for worse hearing in the 
recent cohort but changes in treatment, cohort composition or combina-
tions of these are other options. 

Estrogen
The reason for hearing loss in Turner syndrome is yet unknown but one of 
the theories is based on the lack of estrogen. Estrogen receptors have been 
mapped in the inner ear (92, 93) and in the central auditory pathways (46) 
and mice lacking the estrogen receptor beta become deaf within a year  of 
age (42). Women have quite stable hearing up until the age of menopause 
in comparison with men whose hearing starts to decline already around the 
age of 30 (39, 40). This is thought to be due to a protective effect of estrogen. 
In women with Turner syndrome, with an insufficient endogenous produc-
tion of estrogen, the hearing decline starts early.

The cohorts in study II show differences in hormonal treatment with a  
shorter period of estrogen treatment, but at higher doses in the historic  
cohort compared to the recent cohort, and growth hormone treatment  
almost exclusively in the recent cohort. The difference in estrogen treatment 
did not show any significant association with hearing in multiple regression 
analysis except for a negative association between estrogen score and the 
presence of a mid-frequency dip. This result was regarded as non-specific 
due to the small cohort size since neither the length nor amount of estrogen 
treatment showed equal results and the result of the multiple regression 
model was not significant. The progesterone portion of the treatment could 
have an interfering impact on the hearing result and will be discussed further 
on.
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Estrogen substitution does not start until the time for induction of puberty 
around the age of 12 and it is arguable that this is too late for hearing pre-
servation. In a recently published study by Ros et al hearing in three cohorts, 
women with Turner syndrome, women with congenital hypogonadism due 
to other reasons and women with normal estrogen production, was compa-
red (94). All groups were treated with combined hormonal replacement th-
erapy. The women with congenital hypogonadism due to a cause other than 
Turner syndrome had hearing in level with women with normal estrogen 
levels (20 % vs 27 %) while the women with Turner syndrome had a higher 
percentage of individuals with hearing loss (87 %) indicating a minor role for 
estrogen as a cause of hearing loss. There was however a 60 % rate of spon-
taneous puberty in the cohort with congenital hypogonadism compared to 
20 % in the Turner cohort thus the groups are not comparable in regard to 
estrogen deficiency.

Another theory put forward is the Cell cycle delay hypothesis based on a de-
ficiency in the SHOX-gene situated on the short arm of the X-chromosome. 
This gene is necessary for the normal development of the otic capsule in a 
dose-dependent manner (25). This together with a generally longer cell cycle 
for abnormal cell lines, as 45,X, could lead to a lower density of sensory hair 
cells in the inner ear causing a higher sensitivity for hair cell loss that could 
explain the findings in the inner ear of the Turner mouse(25, 79).

Growth hormone
There was a significant negative association between growth hormone  
treatment and sloping configuration (high-frequency hearing loss) in study II. 
A worse PTA4 in a growth hormone treated group of women with Turner syn-
drome compared with a non-treated group has been published in the litera-
ture (23), but the reason for non-treatment was not accounted for why. This 
could be dependent on karyotype or other factors known to interfere with 
hearing. In the present study, all women were treated with growth hormone 
regardless of karyotype after the introduction of the new guidelines, except 
two individuals who were identified too late for treatment. The relationship 
between the two karyotypes with the highest frequency of hearing loss (45,X 
and 46,X,i(Xq)) and the mosaic karyotypes were equal in the recent and his-
toric groups reducing the risk for interference on hearing due to karyotype. 

Growth hormone and its metabolite IGF-1 are necessary for cell prolifera-
tion, cochlear ganglion maturation and regulation of cochlear development 
(95). In syndromes associated with IGF-1 deficiency hearing loss is a com-
mon but not mandatory. Symptoms range from normal hearing to profound  
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hearing loss (96). There is a correlation between a low concentration of 
IGF-1 in blood and a higher risk for hearing loss as well as otitis proneness 
in women with Turner syndrome (25). There is also a negative association  
between intrauterine growth retardation and a short final statue and  
sensorineural hearing loss in men (97). All these findings show the impor-
tance of growth hormone and IGF-1 in hearing and cochlear development. 
The relation between excessive growth hormone and hearing is less well  
described. Individuals with acromegaly (98) and McCune-Albright syndro-
me (99) have an increased risk for hearing loss that can be mixed, sensori- 
neural or conductive. The genesis of this can be due to the excess of growth 
hormone but other contributing factors cannot be excluded. In conclusion,  
there is sparse support in the literature regarding a possible negative  
effect of growth hormone treatment on hearing loss. Other factors may affect  
these findings and further research is needed.

Progesterone
It is arguable that study II did not exclusively investigate the effect of estro-
gen on hearing in Turner women given that the therapy most often used 
is a combination of estrogen and progesterone. There are studies showing 
a negative effect of progesterone on hearing as part of Hormone Replace-
ment Therapy in menopausal women where both pure-tone testing, DPOAE 
(Distorsion Product OtoAucoustic Emissions) and hearing in noise tests were 
worse in combined treatment groups as compared to estrogen treatment 
alone (48, 100). Although there are indications of an effect of progesterone 
on the inner ear the pathway is yet unknown.

Experimental studies
Immunohistochemistry is a non-quantitative measure and problems can be 
encountered at various levels. The inner ear is a challenging organ due to 
its composition of delicate soft tissue enclosed by the densest bone in the 
body. The decalcification procedure, the antigen-retrieval and the specificity 
and sensitivity of the antibodies can all interfere with the results. Insuffi-
cient blockage of non-specific proteins can cause background staining and 
an obscuring of the results. The antibodies used in study III had all been 
successfully used before in different tissues. Regardless, the PRA antibody 
did not show any staining neither in rats nor in humans on both the test and 
control samples. The reason for this is unknown and adjustments in the test-
procedure with additional washing and adjusted denaturation processes did 
not change the outcome. In order to ensure coverage of the PRA-receptor 
with the immunohistochemistry method the PR antibody with an affinity to 
both receptor A and receptor B was used as well. 
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PCR and Western blot are quite robust methods, but they are sensitive to 
impurities in the sample and it is important to have a good amount of the 
protein to measure. In PCR, the primer needs to be specific enough to bind 
only to the DNA selected for amplification but short enough to be efficient. 
If the primer reacts with other parts of the DNA the output will be non-
specific and if it is too long the number of amplifications will be reduced and 
the result might be falsely negative. For Western blot as for Immunohisto-
chemistry the specificity and sensitivity of the antibodies are important as 
are the characteristics of the gel. In a gel with a bigger pore size the proteins 
will travel faster and vice versa which necessitates that it is chosen in regard 
to the protein of interest.

In study III, no nuclear receptors in the organ of Corti, stria vascularis or spiral 
ganglion were found either by immunohistochemistry or PCR. In Western 
blot PRB receptors were found and the immunohistochemistry confirmed 
the presence of nuclear PRB in the surrounding bone. The lack of PRA in the 
Western blot confirmed the lack of PR staining in the rat inner ear’s immu-
nohistochemistry. All the results were coherent for male and female rats as 
well as humans including the different ages in rat.

Other possible pathways
Regarding the negative effect of progestin treatment on hearing, the impact 
is probably mediated via other pathways. Progesterone has both nuclear re-
ceptors, transmembrane receptors as well as membrane-associated recep-
tors, the last two acting via signaling cascades at the cell membrane level 
(101). No mapping of the latter two has been made in the inner ear thus 
their existence is unknown. Progesterone is also a known antagonist to the 
mineralocorticoid and corticoid receptors preventing their activities. These 
receptors are known to be present in the inner ear, both in stria vascularis, 
where they are responsible for the ion hemostasis, and in the hair cells (102-
104). Progesterone has an especially high affinity to the mineralocorticoid 
receptor; a receptor used by corticosteroids and, above all, the mineralo-
corticoid aldosterone. Aldosterone regulates the potassium balance in the 
body and interacts with the ion homeostasis in the inner ear necessary for 
depolarization of the hair cells. In the aging human, the concentration of 
aldosterone normally decreases and a correlation between low serum aldos-
terone levels and a higher incidence of high frequency hearing loss has been 
observed. Aldosterone substitution in a mouse model showed a protective 
effect on hearing due to a blocking effect of apoptotic pathways improving 
the cell survival in the spiral ganglion cells, particularly in the basal turn of 
the cochlea (105). Treatment with progesterone containing medication could 
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inhibit the effect of aldosterone thus increasing the risk for high-frequency 
hearing loss.

Thyroid hormones
Thyroid hormones are crucial for the early neuromotor development as well 
as for the development of the inner ear (106). In congenital hypothyroidism,  
early treatment with thyroid hormone substitution will reduce the risk for 
severe hearing impairment as well as the negative effect on mental, motor, 
language and cognitive development (107). There are three known thyroid 
receptors, one thyroid receptor alpha and two thyroid receptor beta (1 and 
2). Mouse models deficient in the different thyroid receptor beta receptors 
show different responses. In thyroid receptor beta 1 deficient mice a pro-
found hearing loss is developed whereas the hearing seems to stay intact in 
thyroid receptor beta 2 deficient mice (108, 109). In Pendred syndrome the 
thyroid hormone levels are within normal limits in at least 50 % of the indivi-
duals, but some develop a hypothyroidism in need for substitution (31, 38). 
The Pendrin protein is involved in the organification of iodine in the thyroid 
gland, however it is not the sole anion exchanger responsible for this process 
(34). The reduced expression of Pendrin in SLC26A4 mutations can lead to a 
deficit, or subclinical deficit, in thyroid hormone levels that might interfere 
with the neuromotor development, possibly contributing to the associated 
symptoms regarding behavior, motor development and language acquisition 
seen in study IV. Further research regarding the effect of a subclinical thyroid 
hormone deficiency on neuromotor development is needed.
 
Limitations

The retrospective character of the studies on women with Turner syndrome 
always has its limitations regarding the possibility to retrieve information 
from the charts and uncertainty regarding accuracy in treatment-time, co-
verage of participants and medical issues. The possible negative interference 
of the progesterone compound in the estrogen treatment might affect the 
results regarding hearing. Further measures to calculate the progesterone 
portion could possibly have clarified the hormonal effect on hearing. Howe-
ver, the effects of progesterone on hearing, as well as the pathway, are not 
clear; therefore the possibility to estimate the effect of different compounds 
would be difficult.

In the aim to cover both sexes and a wide age-range, male and female rats 
(3, 6 and 12 months of age) were used although with different methods  
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leaving a possibility of a changing receptor activity in different sexes and 
ages. Additional Western blot tests with a dissected cochlea and at different 
ages would have ensured the lack of progesterone receptors in the inner 
ear with higher accuracy. Nevertheless, the consistency of the experiments, 
throughout both sexes and ages, strengthens the findings.

In the study of cochlear implants in children with LVAS and/or IP2 malforma-
tion one important weakness is the lack of genetic confirmation of Pendred 
syndrome and DFNB4. This leaves a possibility of including participants with 
other syndromes where these malformations are present. All participants 
except one have ongoing genetic testing, thus future work on this cohort will 
include these results. 

The decision to include all patients with LVAS and/or IP2 malformation  
having received a cochlear implant as children leads to a diverse group  
regarding age at time for testing as well as their representation of  
different rehabilitation schemes over the years. The children operated in the 
90-ties and early 2000 had sign language education to a higher extent than  
children operated today. A between subject difference also exists in regard to  
regional traditions in postoperative rehabilitation. The addition of a control 
group would also have strengthened the study. 
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FURTHER PERSPECTIVES

-	 The effect on hearing by the progesterone portion in combined  
contraceptives needs to be investigated to exclude an additional  
reason for the worse hearing in the recent cohort

-	 To understand the negative effect of progesterone on hearing,  
mapping of the progesterone receptors in the central auditory pathway 
as well as membrane receptors and indirect pathways are essential.

-	 Further insight in vestibular and balance function in children with LVAS 
and IP2 and its relationship to hearing and speech as well as language 
outcome would be an important contribution for the improvement of 
the rehabilitation in these children.

-	 Sleep disturbances are common in children with LVAS and IP2 and  
significantly impact family life. Further investigation of sleep-pattern, 
presence of obstructive sleep apnea and the impact on family life 
would improve the possibilities for preventive programs to assist in the 
improvement of sleep patterns.

-	 Further investigation of the presence and frequency of radiological  
findings, particularly scalar asymmetry and semicircular canal ano-
maly, in LVAS with IP2 malformation and its relationship to the  
outcome and genetics.

-	 The rate of and predictive factors for adverse events after cochlear 
implantation in patients with Pendred and DFNB4 need to be further 
evaluated.

-	 The relationship between the significantly poor results in speech and 
language development in children with parent-reported concentra-
tion difficulties needs further investigation in order to enhance the  
support in language acquisition. A possible link to brain development 
in Pendred syndrome has to be further investigated.
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CONCLUSIONS

1.	 Study I: Sensorineural hearing loss is common in young adults with 
Turner syndrome and the two most frequent types of hearing 
loss are mid-frequency u-shaped and high frequency hearing loss.  
Hearing in young women with Turner syndrome deteriorates  
early and is devastating for the listening situation. Young women with  
Turner syndrome would benefit from a more active hearing rehabili- 
tation regimen. It is important with an implementation of a continuous  
control of the hearing as well as early contact with counselling. Reha-
bilitation, when needed, should begin as early as possible in order to 
ensure the possibility for social well-being and active participation in 
the working environment. 

2.	 Study II: Estrogen treatment does not seem to have any positive  
effect on hearing, but the progesterone content might interfere with 
the results. An association with high frequency hearing loss in growth-
hormone treated women has been detected and may reflect a nega-
tive effect on hearing by growth hormone treatment.

3.	 Study III: There is no direct effect of progesterone via nuclear proges-
terone receptors in the organ of Corti, stria vascularis or spiral gangli-
on but Progesterone receptor B is present in the surrounding cochlear 
bone. The progesterone effect is probably mediated through other 
pathways, the transmembrane-bound, membrane associated proges-
terone receptors, mineralocorticoid- or glucocorticoid receptors.

4.	 Study IV: Children with Pendred syndrome and DFNB4 deafness with 
LVAS and IP2 malformation are a complex group with weak results on 
expressive vocabulary and pragmatic skills tests. A history of affected 
motor skills and parent-reported concentration difficulties seems to be 
a risk factor which explains why it is important to screen for these dif-
ficulties. Semicircular canal anomalies and Scalar asymmetry might be 
a preoperative predictor for a worse outcome.
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POPULÄRVETENSKAPLIG SVENSK SAMMANFATTNING

Omkring 5 % av världens befolkning är drabbad av hörselnedsättning som 
påverkar deras vardag enligt WHO. Vid många endokrina syndrom finns även 
en påverkan på hörsel och vid både Turner syndrom och Pendred syndrom är 
hörselrehabiliterande åtgärder med hörapparat respektive cochleaimplantat 
vanligt förekommande. Man har även sett effekter av hormonell behandling 
på hörseln där progesteroninnehållande hormonbehandling i menopaus har 
associerats med sämre hörsel.

Målet med denna avhandling är att belysa förhållandet mellan hörsel och 
endokrinologin både genom studier av endokrina syndrom samt genom att 
undersöka vägar för direkt hormonell påverkan på innerörat.

I studie I och II har hörseln hos unga kvinnor med Turner syndrom studerats 
samt östrogen-, tillväxthormon- och anabola steroid-behandlingens even- 
tuella effekt på hörseln studerats. Sensorineural hörselnedsättning, fram-
förallt i form av försämrad hörsel i diskanten och i mellanregistret, är de  
vanligast förekommande hörselkonfigurationerna. Grad av hörselnedsättning 
är oftast mild till måttlig och leder till behov av hörselrehabilitering med hör- 
apparat i större utsträckning än för normalbefolkningen. Ingen effekt kunde 
ses på hörseln av östrogenbehandling men en försämrad diskanthörsel sågs 
i gruppen behandlad med tillväxthormon.

I studie III kartlades förekomsten av progesteron receptor A och B i innerörat 
på råtta och människa i avsikt att identifiera en möjlig väg för direkt påverkan 
av progesteron på innerörat och hörseln. Inga progesteron receptorer kunde 
identifieras i hörselbildande strukturer i innerörat vid immunohistokemi, 
PCR eller Western blot. Dock påträffades Progesteron receptor B i snäckans 
omgivande ben.

I studie IV kartlades den preoperativa hörselutvecklingen hos barn och unga 
med cochleaimplantat och Pendreds syndrom eller DFNB4 med inneröremiss-
bildning i form av LVAS och/eller IP2. Även det hörselmässiga och språkliga 
resultatet utvärderades. En stor bredd i den preoperativa hörselutvecklingen 
sågs från kongenital dövhet till en långsamt progressiv hörselnedsättning, 
ofta med fluktuerande inslag. Språkmässigt hade deltagarna normalt passivt 
ordförråd men nedsatt aktivt ordförråd samt pragmatisk förmåga. En förhöjd 
andel av deltagarna hade även yrsel, fluktuerande hörsel, påverkad motorisk 
utveckling, nedsatt koncentrationsförmåga samt sömnstörningar.
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Sammanfattningsvis så är hörselnedsättning ett vanligt problem i samhället 
och är inte sällan kopplat till endokrina syndrom, t.ex. Turner syndrom och 
Pendred syndrom. Båda dessa syndrom kan leda till grav hörselnedsättning 
även om kongenital dövhet endast är förknippat med Pendred syndrom. 
Tidiga rehabiliterande insatser med hörapparat eller cochleaimplantat be-
roende på hörselnedsättning är nödvändig för att motverka social isolering 
samt gagna språkinlärning och taluppfattning. Hormonell behandling kan ha 
en påverkan på hörseln men effekten av progesteron sker troligen via andra 
vägar än direkt via nukleära receptorer i innerörat.



61

Hormon effect on the inner ear: two endocrine syndromes

ACKNOWLEDGEMENTS

First I would like to thank all the patients and parents for lending me your 
time and for your willingness to participate in the studies in order to increase 
the knowledge regarding the syndromes. Without you and the questions  
raised during my clinical work, this thesis would never have been started and 
certainly not completed.

Many have helped and supported me throughout the years and in particular 
I would like to thank:

Professor Malou Hultcrantz, my main supervisor that lead me into this field 
and made me interested in this vast land of endocrine and hearing inter-
actions. Your friendship, never-ending enthusiasm and energy and your way 
of continuously interconnecting the research and clinical practice kept me 
going throughout the years. Thank you!

My co-supervisors, Christina Hederstierna, Rusana (Simonoska) Bark and 
Eva Karltorp for supporting me and believing in me during the winding 
road of non-functioning experiments, periods of intense clinical work and  
changes in project plans. A special thanks to Christina for sharing your know-
ledge in the field of audiology, to Rusana for your way of making correcting 
articles fun and your amazing eye for figures, images and phrasing and to 
Eva for your knowledge in the field of cochlear implants and our discussions 
regarding life in general and hearing problems in children.

Lena Sahlin and Britt Masironi for your help at the lab at the Department 
for women’s and children’s health and your advice regarding immuno- 
histochemistry and PCR. To Ina Meltser for making laboratory work fun and 
interesting and for invaluable help with Western blot.

Anna-Maria Kling, my life-saver and statistician, for your endless patience 
and making statistics understandable. Agneta Wittlock for keeping track on 
all these papers… and for helping me with the layout of this book!

Kaijsa Edholm and Babak Flahat for your contagious enthusiasm regarding 
inner ear malformations and your never-ending willingness to explain and 
look at just another MRI.

To all the research nurses: Helena Öberg, Carina Israelsson and Anna  
Drevland for your help with the logistics throughout the years.



62

Åsa Bonnard 2017

Present and previous Heads of the ENT-clinic: Richard Kuylenstierna, Mats 
Holmström, Bo Tideholm and Sushma Nordemar and present and previous 
Department Professors Lars Olaf Cardell and Dan Bagger-Sjöbäck for making 
research possible at our clinic and for creating an inspiring academic and 
clinical atmosphere. A special thanks to Richard for hiring me and thereby 
letting me experience the wonders in ENT and to Anders Högmo for keeping 
me on track as my clinical supervisor during my residency. To Dan, Georgios, 
Aron, Andreas and Bo for taking part in my journey in me becoming an oto-
surgeon.

To my present and former colleagues at the ENT clinic: Sometimes I won-
der how we manage to get through the days but with you around it seems 
like everything is possible. It’s a privilege to work with all of you! A special 
thanks to Cecilia (my roommate, friend and travel partner), Christina, Anna,  
Mattias, Henrik, Andreas and Fatima in the otology section for making oto-
logy great again!

To the amazing former and present team at the CIC unit and the CIC research 
team Bibbi, Christina, Elisabet, Erika, Filip, Fransisco, Gunnar, Jeremy,  
Katrin, Kerstin, Lena, Maria, Marja, Mina, Martin and Ulrika. You make all 
the difference! I hope this is just a beginning of all the things we can make 
happen for people with severe hearing impairment.

To Sophie Bensing, my mentor and friend, thank you for supporting me in 
hard times, pushing me forward and being a very dear friend.

To my late mother Kristina, father Björn, sister Lena, Stefan and Karin: 
for always being there for me, Alex and the girls and showing me what is  
important in the world. You are all very special to me and I love you so much!

To my parents in law: Elène and Christophe, and sisters in law with families: 
Sarah, Michel and Jessica; Natacha, Eric, Yann and Nathan and Aliénor, Iker, 
Owen and Molly. Thank you for letting me share Alex with you and bringing 
roses, swiss cheese and long discussions over dinner with you into my life. 
Looking forward meeting you again soon after this summer of thesis-writing!

To Clara and Lily, my two daughters, who fill my life with laughter, hugs,  
arguments and meaning. Love you more than life!



63

Hormon effect on the inner ear: two endocrine syndromes

To Alex, the love of my life, for always being there and sharing high-tide and 
low-tide with me. I hope we will continue doing that for a long time to come. 
Love you with all my heart!

And to the rest of my family and friends: I hope I have told you how  
important you are to me!

This work was supported by grants from the Stinger Foundation, Acta 
Otolargyngologica, The Swedish Hearing Research Foundation and 
Helga Hjerpstedts Foundation.



64

Åsa Bonnard 2017

 REFERENCES

1.	 Videhult Pierre, P., Johnson, A.C., and Fridberger, A. 2015. Subjective and clinically 
assessed hearing loss; a cross-sectional register-based study on a swedish population 
aged 18 through 50 years. PLoS One 10:e0123290.

2.	 Spoendlin, H. 1979. Sensory neural organization of the cochlea. The Journal of La-
ryngology & Otology 93:853-877.

3.	 Moore, J.K., and Linthicum, F.H., Jr. 2007. The human auditory system: a timeline of 
development. Int J Audiol 46:460-478.

4.	 Sennaroglu, L., Saatci, I. 2002. A New Classification for Cochleovestibular Malforma-
tions. Laryngoscope 112:2230-2241.

5.	 Schmidt, J.M. 1985. Cochlear Neuronal Populations in Developmental Defects of the 
Inner Ear: Implications for Cochlear Implantation. Acta Otolaryngol 99:14-20.

6.	 Everett, L., Glaser, B., Beck, J., Idol, J., Buchs, A., Heyman, M., Adawi, F., Hazani, E., 
Nassir, E., Baxevanis, A., Sheffield, V., Green, E. 1997. Pendred syndrome is caused 
by mutations in a putative sulphate transporter gene (PDS). Nature genetics 17:411-
422.

7.	 Yang, T., Vidarsson, H., Rodrigo-Blomqvist, S., Rosengren, S.S., Enerback, S., and 
Smith, R.J. 2007. Transcriptional control of SLC26A4 is involved in Pendred syndrome 
and nonsyndromic enlargement of vestibular aqueduct (DFNB4). Am J Hum Genet 
80:1055-1063.

8.	 Yang, T., Gurrola, J.G., 2nd, Wu, H., Chiu, S.M., Wangemann, P., Snyder, P.M., and 
Smith, R.J. 2009. Mutations of KCNJ10 together with mutations of SLC26A4 cause 
digenic nonsyndromic hearing loss associated with enlarged vestibular aqueduct syn-
drome. Am J Hum Genet 84:651-657.

9.	 Cherian, K.E., Kapoor, N., Mathews, S.S., and Paul, T.V. 2017. Endocrine Glands and 
Hearing: Auditory Manifestations of Various Endocrine and Metabolic Conditions. 
Indian J Endocrinol Metab 21:464-469.

10.	 Stochholm, K., Juul, S., Juel, K., Naeraa, R.W., and Gravholt, C.H. 2006. Prevalence, in-
cidence, diagnostic delay, and mortality in Turner syndrome. J Clin Endocrinol Metab 
91:3897-3902.

11.	 Saenger, P., Albertsson Wikland, K., Conway, G.S., Davenport, M., Gravholt, C.H., 
Hintz, R., Hovatta, O., Hultcrantz, M., Landin-Wilhelmsen, K., Lin, A., et al. 2001. Re-
commendations for the diagnosis and management of Turner syndrome. J Clin Endo-
crinol Metab 86:3061-3069.

12.	 Cameron-Pimblett, A., La Rosa, C., King, T.F.J., Davies, M.C., and Conway, G.S. 2017. 
The Turner Syndrome Life Course Project: Karyotype-phenotype analyses across the 
lifespan. Clin Endocrinol (Oxf).

13.	 Hultcrantz, M. 2003. Ear and Hearing Problems in Turner’s Syndrome. Acta Otola-
ryngol 123:253-257.

14.	 Carel, J.C., Ecosse, E., Bastie-Sigeac, I., Cabrol, S., Tauber, M., Leger, J., Nicolino, M., 
Brauner, R., Chaussain, J.L., and Coste, J. 2005. Quality of life determinants in young 
women with turner’s syndrome after growth hormone treatment: results of the Sta-
Tur population-based cohort study. J Clin Endocrinol Metab 90:1992-1997.

15.	 Sculerati, N., Ledesma-Medina, J., Finegold, D.N., and Stool, S.E. 1990. Otitis media 
and hearing loss in Turner syndrome. Arch Otolaryngol Head Neck Surg 116:704-707.



65

Hormon effect on the inner ear: two endocrine syndromes

16.	 Verver, E.J., Freriks, K., Thomeer, H.G., Huygen, P.L., Pennings, R.J., Alfen-van der Vel-
den, A.A., Timmers, H.J., Otten, B.J., Cremers, C.W., and Kunst, H.P. 2011. Ear and 
hearing problems in relation to karyotype in children with Turner syndrome. Hear 
Res 275:81-88.

17.	 Stenberg, A.E., Nylen, O., Windh, M., and Hultcrantz, M. 1998. Otological problems 
in children with Turner’s syndrome. Hear Res 124:85-90.

18.	 Hall, J.E., Richter, G.T., and Choo, D.I. 2009. Surgical management of otologic disease 
in pediatric patients with Turner syndrome. Int J Pediatr Otorhinolaryngol 73:57-65.

19.	 Lim, D., Gault, E., Kubba, H., Morrissey, M., Wynne, D., and Donaldson, M. 2014. 
Cholesteatoma has a high prevalence in Turner syndrome, highlighting the need for 
earlier diagnosis and the potential benefits of otoscopy training for paediatricians. 
Acta Paediatr.

20.	 Davenport, M.L., Roush, J., Liu, C., Zagar, A.J., Eugster, E., Travers, S., Fechner, P.Y., and 
Quigley, C.A. 2010. Growth hormone treatment does not affect incidences of middle 
ear disease or hearing loss in infants and toddlers with Turner syndrome. Horm Res 
Paediatr 74:23-32.

21.	 Roush, J., Davenport, M.L., and Carlson-Smith, C. 2000. Early-onset sensorineural 
hearing loss in a child with Turner syndrome. J Am Acad Audiol 11:446-453.

22.	 Hultcrantz, M., Sylven, L., and Borg, E. 1994. Ear and hearing problems in 44 middle-
aged women with Turner’s syndrome. Hear Res 76:127-132.

23.	 King, K.A., Makishima, T., Zalewski, C.K., Bakalov, V.K., Griffith, A.J., Bondy, C.A., and 
Brewer, C.C. 2007. Analysis of auditory phenotype and karyotype in 200 females with 
Turner syndrome. Ear Hear 28:831-841.

24.	 Hederstierna, C., Hultcrantz, M., and Rosenhall, U. 2009. A longitudinal study of hea-
ring decline in women with Turner syndrome. Acta Otolaryngol 129:1434-1441.

25.	 Barrenas, M., Landin-Wilhelmsen, K., and Hanson, C. 2000. Ear and hearing in rela-
tion to genotype and growth in Turner syndrome. Hear Res 144:21-28.

26.	 Hamelin, C.E., Anglin, G., Quigley, C.A., and Deal, C.L. 2006. Genomic imprinting in 
Turner syndrome: effects on response to growth hormone and on risk of sensorineu-
ral hearing loss. J Clin Endocrinol Metab 91:3002-3010.

27.	 Ostberg, J.E., Beckman, A., Cadge, B., and Conway, G.S. 2004. Oestrogen deficiency 
and growth hormone treatment in childhood are not associated with hearing in 
adults with turner syndrome. Horm Res 62:182-186.

28.	 Ross, J.L., Quigley, C.A., Cao, D., Feuillan, P., Kowal, K., Chipman, J.J., and Cutler, G.B., 
Jr. 2011. Growth hormone plus childhood low-dose estrogen in Turner’s syndrome. N 
Engl J Med 364:1230-1242.

29.	 Stephure, D.K. 2005. Impact of growth hormone supplementation on adult height in 
turner syndrome: results of the Canadian randomized controlled trial. J Clin Endocri-
nol Metab 90:3360-3366.

30.	 Stevens, A., Murray, P., Wojcik, J., Raelson, J., Koledova, E., Chatelain, P., and Clayton, 
P. 2016. Validating genetic markers of response to recombinant human growth hor-
mone in children with growth hormone deficiency and Turner syndrome: the PRE-
DICT validation study. Eur J Endocrinol 175:633-643.

31.	 Alasti, F., Van Camp, G., and Smith, R.J.H. 1993. Pendred Syndrome/DFNB4. In 
GeneReviews(R). R.A. Pagon, M.P. Adam, H.H. Ardinger, S.E. Wallace, A. Amemiya, 
L.J.H. Bean, T.D. Bird, C.T. Fong, H.C. Mefford, R.J.H. Smith, et al., editors. Seattle WA: 
University of Washington, Seattle.



66

Åsa Bonnard 2017

32.	 Dror, A.A., Brownstein, Z., and Avraham, K.B. 2011. Integration of human and mou-
se genetics reveals pendrin function in hearing and deafness. Cell Physiol Biochem 
28:535-544.

33.	 Rendtorff, N.D., Schrijver, I., Lodahl, M., Rodriguez-Paris, J., Johnsen, T., Hansen, E.C., 
Nickelsen, L.A., Tumer, Z., Fagerheim, T., Wetke, R., et al. 2013. SLC26A4 mutation 
frequency and spectrum in 109 Danish Pendred syndrome/DFNB4 probands and a 
report of nine novel mutations. Clin Genet 84:388-391.

34.	 Pesce, L., Bizhanova, A., Caraballo, J.C., Westphal, W., Butti, M.L., Comellas, A., and 
Kopp, P. 2012. TSH regulates pendrin membrane abundance and enhances iodide 
efflux in thyroid cells. Endocrinology 153:512-521.

35.	 Hulander, M. 2003. Lack of pendrin expression leads to deafness and expansion of 
the endolymphatic compartment in inner ears of Foxi1 null mutant mice. Develop-
ment 130:2013-2025.

36.	 Naganawa, S., Koshikawa, T., Fukatsu, H., Ishigaki, T., Sato, E., Sugiura, M., Yoshino, 
T., and Nakashima, T. 2004. Enlarged endolymphatic duct and sac syndrome: rela-
tionship between MR findings and genotype of mutation in Pendred syndrome gene. 
Magn Reson Imaging 22:25-30.

37.	 Sugiura, M., Sato, E., Nakashima, T., Sugiura, J., Furuhashi, A., Yoshino, T., Nakayama, 
A., Mori, N., Murakami, H., and Naganawa, S. 2005. Long-term follow-up in patients 
with Pendred syndrome: vestibular, auditory and other phenotypes. Eur Arch Otorhi-
nolaryngol 262:737-743.

38.	 Wemeau, J.L., and Kopp, P. 2017. Pendred syndrome. Best Pract Res Clin Endocrinol 
Metab 31:213-224.

39.	 Hederstierna, C., Hultcrantz, M., Collins, A., and Rosenhall, U. 2010. The menopause 
triggers hearing decline in healthy women. Hear Res 259:31-35.

40.	 Johansson, M.S., and Arlinger, S.D. 2002. Hearing threshold levels for an otologically 
unscreened, non-occupationally noise-exposed population in Sweden. Int J Audiol 
41:180-194.

41.	 Meltser, I., Tahera, Y., Simpson, E., Hultcrantz, M., Charitidi, K., Gustafsson, J.A., and 
Canlon, B. 2008. Estrogen receptor beta protects against acoustic trauma in mice. J 
Clin Invest 118:1563-1570.

42.	 Simonoska, R., Stenberg, A.E., Duan, M., Yakimchuk, K., Fridberger, A., Sahlin, L., Gus-
tafsson, J.A., and Hultcrantz, M. 2009. Inner ear pathology and loss of hearing in 
estrogen receptor-beta deficient mice. J Endocrinol 201:397-406.

43.	 Zuccotti, A., Kuhn, S., Johnson, S.L., Franz, C., Singer, W., Hecker, D., Geisler, H.S., 
Kopschall, I., Rohbock, K., Gutsche, K., et al. 2012. Lack of brain-derived neurotrophic 
factor hampers inner hair cell synapse physiology, but protects against noise-induced 
hearing loss. J Neurosci 32:8545-8553.

44.	 Coleman, J.R., Campbell, D., Cooper, W.A., Welsh, M.G., and Moyer, J. 1994. Auditory 
brainstem responses after ovariectomy and estrogen replacement in rat. Hear Res 
80:209-215.

45.	 Price, K., Zhu, X., Guimaraes, P.F., Vasilyeva, O.N., and Frisina, R.D. 2009. Hormone 
replacement therapy diminishes hearing in peri-menopausal mice. Hear Res 252:29-
36.

46.	 Charitidi, K., and Canlon, B. 2010. Estrogen receptors in the central auditory system 
of male and female mice. Neuroscience 165:923-933.



67

Hormon effect on the inner ear: two endocrine syndromes

47.	 Hederstierna, C., Hultcrantz, M., Collins, A., and Rosenhall, U. 2007. Hearing in wo-
men at menopause. Prevalence of hearing loss, audiometric configuration and rela-
tion to hormone replacement therapy. Acta Otolaryngol 127:149-155.

48.	 Kilicdag, E.B., Yavuz, H., Bagis, T., Tarim, E., Erkan, A.N., and Kazanci, F. 2004. Effects 
of estrogen therapy on hearing in postmenopausal women. Am J Obstet Gynecol 
190:77-82.

49.	 Mudry, A., Mills, M. 2013. The early history of the cochlear implant. JAMA Otola-
ryngology Head Neck Surgery 139:446-453.

50.	 Martini, A., Read, A., Stephens, D., Mazzoli, M. 2001. Definition, protocols and guid-
lines in genetic hearing impairments. London, England and Philadelphia, USA: Whurr 
Publishers Ltd; 1 edition (June 22, 2001). 250 pages pp.

51.	 Anderson, S., White-Schwoch, T., Choi, H.J., and Kraus, N. 2013. Training changes 
processing of speech cues in older adults with hearing loss. Front Syst Neurosci 7:97.

52.	 Asp, F., Maki-Torkko, E., Karltorp, E., Harder, H., Hergils, L., Eskilsson, G., and Stenfelt, 
S. 2012. Bilateral versus unilateral cochlear implants in children: speech recognition, 
sound localization, and parental reports. Int J Audiol 51:817-832.

53.	 Hallgren, M., Larsby, B., and Arlinger, S. 2006. A Swedish version of the Hearing In 
Noise Test (HINT) for measurement of speech recognition. Int J Audiol 45:227-237.

54.	 Asp, F., Eskilsson, G., and Berninger, E. 2011. Horizontal sound localization in children 
with bilateral cochlear implants: effects of auditory experience and age at implanta-
tion. Otol Neurotol 32:558-564.

55.	 Johannesson, U., Sahlin, L., Masironi, B., Hilliges, M., Blomgren, B., Rylander, E., and 
Bohm-Starke, N. 2008. Steroid receptor expression and morphology in provoked 
vestibulodynia. Am J Obstet Gynecol 198:311 e311-316.

56.	 Dunn, L.M.D.L.M. 1997. Peabody Picture Vocabulary Test - Third Edition Norms 
Booklet: American Guidance Service.

57.	 Tallberg, I.M. 2005. The Boston Naming Test in Swedish: normative data. Brain Lang 
94:19-31.

58.	 Lofkvist, U., Almkvist, O., Lyxell, B., and Tallberg, I.M. 2014. Lexical and semantic abi-
lity in groups of children with cochlear implants, language impairment and autism 
spectrum disorder. Int J Pediatr Otorhinolaryngol 78:253-263.

59.	 Allen, C., Nikolopoulos, TP., Dyar, D., O’Donoghue, GM. 2001. Reliability of a rating 
scale for measuring speech intelligibility after pediatric cochlear implantation. Otol 
Neurotol:631-633.

60.	 Norbury, C.F., Nash, M., Baird, G., and Bishop, D. 2004. Using a parental checklist to 
identify diagnostic groups in children with communication impairment: a validation 
of the Children’s Communication Checklist--2. Int J Lang Commun Disord 39:345-364.

61.	 Raven, J., Raven, J.C., Court, J.H. 2003. Manual for Raven’s progressive matrises and 
Vocabulary scales.

62.	 Gioia, G.A., and Isquith, P.K. 2004. Ecological assessment of executive function in 
traumatic brain injury. Dev Neuropsychol 25:135-158.

63.	 Goodman, R. 1997. The Strengths and difficulties questionnaire: A research note. J 
Child Psychiat 38:581-586.

64.	 Smedje, H., Broman, J.-E., and von Knirring, A.-L. 1999. Psychometric properties of a 
Swedish version of the ”Strengths and difficulties questionnaire”. European child and 
adolescent psychiatry:63-70.



68

Åsa Bonnard 2017

65.	 Cornes, A., Rohan, M., Napier, J., and Rey, J. 2006. Reading the signs: Impact of signed 
versus written questionnaires on the prevalende of psychopathology among deaf 
adolescents. Australian and New Zeeland journal of psychiatry:665-673.

66.	 Verver, E.J., Freriks, K., Sas, T.C., Huygen, P.L., Pennings, R.J., Smeets, D.F., Hermus, 
A.R., Menke, L.A., Wit, J.M., Otten, B.J., et al. 2014. Karyotype-specific ear and hea-
ring problems in young adults with Turner syndrome and the effect of oxandrolone 
treatment. Otol Neurotol 35:1577-1584.

67.	 Beckman, A., Conway, G.S., and Cadge, B. 2004. Audiological features of Turner’s 
syndrome in adults. Int J Audiol 43:533-544.

68.	 Reardon, W., Coffey, R., Phelps, P.D., Luxon, L.M., Stephens, D., Kendal-Taylor, P., Brit-
ton, K.E., Grossman, A., Trembath, R. 1997. Pendred syndrome - 100 years of unde-
rascertainment? Q J Med:443-447.

69.	 Ahadizadeh, E., Ascha, M., Manzoor, N., Gupta, A., Semaan, M., Megerian, C., and Ot-
teson, T. 2017. Hearing loss in enlarged vestibular aqueduct and incomplete partition 
type II. Am J Otolaryngol.

70.	 Anderson, H., Filipsson, R., Fluur, E., Koch, B., Lindsten, J., and Wedenberg, E. 1969. 
Hearing impairment in Turner’s syndrome. Acta Otolaryngol:Suppl 247:241-226.

71.	 Rizell, S., Barrenas, M.L., Andlin-Sobocki, A., Stecksen-Blicks, C., and Kjellberg, H. 
2013. 45,X/46,XX karyotype mitigates the aberrant craniofacial morphology in Tur-
ner syndrome. Eur J Orthod 35:467-474.

72.	 Bergamaschi, R., Bergonzoni, C., Mazzanti, L., Scarano, E., Mencarelli, F., Messina, 
F., Rosano, M., Iughetti, L., and Cicognani, A. 2008. Hearing loss in Turner syndrome: 
results of a multicentric study. J Endocrinol Invest 31:779-783.

73.	 Barrenas, M.L., Nylen, O., and Hanson, C. 1999. The influence of karyotype on the 
auricle, otitis media and hearing in Turner syndrome. Hear Res 138:163-170.

74.	 Stenberg, A.E., Sylven, L., Magnusson, C.G., and Hultcrantz, M. 2004. Immunological 
parameters in girls with Turner syndrome. J Negat Results Biomed 3:6.

75.	 Miyagawa, M., Nishio, S.Y., and Usami, S. 2014. Mutation spectrum and genotype-
phenotype correlation of hearing loss patients caused by SLC26A4 mutations in the 
Japanese: a large cohort study. J Hum Genet 59:262-268.

76.	 Pryor, S.P., Madeo, A.C., Reynolds, J.C., Sarlis, N.J., Arnos, K.S., Nance, W.E., Yang, 
Y., Zalewski, C.K., Brewer, C.C., Butman, J.A., et al. 2005. SLC26A4/PDS genotype-
phenotype correlation in hearing loss with enlargement of the vestibular aqueduct 
(EVA): evidence that Pendred syndrome and non-syndromic EVA are distinct clinical 
and genetic entities. J Med Genet 42:159-165.

77.	 Aimoni, C., Ciorba, A., Cerritelli, L., Ceruti, S., Skarzynski, P.H., and Hatzopoulos, S. 
2017. Enlarged vestibular aqueduct: Audiological and genetical features in children 
and adolescents. Int J Pediatr Otorhinolaryngol.

78.	 Abe, S., Usami, S-I,.Hoover, D.M., Cohn, E., Shinkawa, H., Kimberling, W.J. 1999. Fluc-
tuating sensorineural hearing loss associated with enarged vestibular aqueduct maps 
to 7q31 the region containing the Pendred gene. Am J Med Genetics 82:322-328.

79.	 Hultcrantz, M., Stenberg, A.E., Fransson, A., and Canlon, B. 2000. Characterization of 
hearing in an X,0 ’Turner mouse’. Hear Res 143:182-188.

80.	 Bonnard, A., Hederstierna, C., Bark, R., and Hultcrantz, M. 2017. Audiometric featu-
res in young adults with Turner syndrome. Int J Audiol:1-7.

81.	 Friberg, E., Rosenhall, U., Alexanderson, K. 2014. Sickness absence and disability pen-
sion due to otoaudiological diagnosis: risk of premature death - a nationwhide pro-
spective cohort study. BMC Public Health 14:1-7.



69

Hormon effect on the inner ear: two endocrine syndromes

82.	 Sennaroglu, L., Sarac, S., Ergin, T. 2006. Surgical results of cochlear implantation in 
malformed cochlea. Otol Neurotol:615-623.

83.	 Mey, K., Bille, M., and Caye-Thomasen, P. 2016. Cochlear implantation in Pendred 
syndrome and non-syndromic enlarged vestibular aqueduct - clinical challenges, sur-
gical results, and complications. Acta Otolaryngol 136:1064-1068.

84.	 Fahy, C.P., Carney, A.S., Nikolopoulos, T.P., Ludman, C.N., and Gibbin, K.P. 2001. 
Cochlear implantation in children with large vestibular aqueduct syndrome and a 
review of the syndrome. Int J Pediatr Otorhinolaryngol 59:207-215.

85.	 Bhatia, K., Gibbin, K.P., Nikolopoulos, T.P., O’Donoghue, G.M. 2004. Surgical compli-
cations and their management in a series of 300 consecutive pediatric cochlear im-
plantations. Otol Neurotol:730-739.

86.	 Tarkan, O., Tuncer, U., Ozdemir, S., Surmelioglu, O., Cetik, F., Kiroglu, M., Kayikcioglu, 
E., and Kara, K. 2013. Surgical and medical management for complications in 475 
consecutive pediatric cochlear implantations. Int J Pediatr Otorhinolaryngol 77:473-
479.

87.	 Pritchett, C., Zwolan, T., Huq, F., Phillips, A., Parmar, H., Ibrahim, M., Thorne, M., and 
Telian, S. 2015. Variations in the cochlear implant experience in children with enlar-
ged vestibular aqueduct. Laryngoscope 125:2169-2174.

88.	 van Nierop, J.W., Huinck, W.J., Pennings, R.J., Admiraal, R.J., Mylanus, E.A., and Kunst, 
H.P. 2015. Patients with Pendred syndrome:is cochlear implantation beneficial? Clin 
Otolaryngol.

89.	 Manzoor, N.F., Wick, C.C., Wahba, M., Gupta, A., Piper, R., Murray, G.S., Otteson, T., 
Megerian, C.A., and Semaan, M.T. 2016. Bilateral Sequential Cochlear Implantation in 
Patients With Enlarged Vestibular Aqueduct (EVA) Syndrome. Otol Neurotol 37:e96-
103.

90.	 Ribot, K.M., Hoff, E., and Burridge, A. 2017. Language Use Contributes to Expressive 
Language Growth: Evidence From Bilingual Children. Child Dev.

91.	 Lemerise, E., and Arsenio, W. 2000. An integrates model of emotion processes and 
cognition in social information processing. Child Dev 71:107-118.

92.	 Stenberg, A.E., Wang, H., Sahlin, L., and Hultcrantz, M. 1999. Mapping of estrogen 
receptors alpha and beta in the inner ear of mouse and rat. Hear Res 136:29-34.

93.	 Stenberg, A.E., Wang, H., Fish, J., 3rd, Schrott-Fischer, A., Sahlin, L., and Hultcrantz, 
M. 2001. Estrogen receptors in the normal adult and developing human inner ear 
and in Turner’s syndrome. Hear Res 157:87-92.

94.	 Ros, C., Tercero, A., Alobid, I., Balasch, J., Santamaria, J., Mullol, J., and Castelo-Bran-
co, C. 2014. Hearing loss in adult women with Turner’s syndrome and other congeni-
tal hypogonadisms. Gynecol Endocrinol 30:111-116.

95.	 Magarinos, M., Contreras, J., Aburto, M.R., and Varela-Nieto, I. 2012. Early develop-
ment of the vertebrate inner ear. Anat Rec (Hoboken) 295:1775-1790.

96.	 Murillo-Cuesta, S., Rodriguez-de la Rosa, L., Cediel, R., Lassaletta, L., and Varela-Nie-
to, I. 2011. The role of insulin-like growth factor-I in the physiopathology of hearing. 
Front Mol Neurosci 4:11.

97.	 Barrenas, M.L., Jonsson, B., Tuvemo, T., Hellstrom, P.A., and Lundgren, M. 2005. High 
risk of sensorineural hearing loss in men born small for gestational age with and wit-
hout obesity or height catch-up growth: a prospective longitudinal register study on 
birth size in 245,000 Swedish conscripts. J Clin Endocrinol Metab 90:4452-4456.



70

Åsa Bonnard 2017

98.	 Aydin, K., Ozturk, B., Turkyilmaz, M.D., Dagdelen, S., Ozgen, B., Unal, F., and Erbas, T. 
2012. Functional and structural evaluation of hearing in acromegaly. Clin Endocrinol 
(Oxf) 76:415-419.

99.	 Akintoye, S.O., Chebli, C., Booher, S., Feuillan, P., Kushner, H., Leroith, D., Cherman, 
N., Bianco, P., Wientroub, S., Robey, P.G., et al. 2002. Characterization of gsp-med-
iated growth hormone excess in the context of McCune-Albright syndrome. J Clin 
Endocrinol Metab 87:5104-5112.

100.	 Guimaraes, P., Frisina, S.T., Mapes, F., Tadros, S.F., Frisina, D.R., and Frisina, R.D. 
2006. Progestin negatively affects hearing in aged women. Proc Natl Acad Sci U S A 
103:14246-14249.

101.	 Pang, Y., Dong, J., and Thomas, P. 2013. Characterization, Neurosteroid Binding and 
Brain Distribution of Human Membrane Progesterone Receptors delta and {epsilon} 
(mPRdelta and mPR{epsilon}) and mPRdelta Involvement in Neurosteroid Inhibition 
of Apoptosis. Endocrinology 154:283-295.

102.	 Erichsen, S., Bagger-Sjoback, D., Curtis, L., Zuo, J., Rarey, K., and Hultcrantz, M. 1996. 
Appearance of glucocorticoid receptors in the inner ear of the mouse during deve-
lopment. Acta Otolaryngol 116:721-725.

103.	 Macarthur, C.J., Hausman, F., Kempton, B., Trune, D:R:. 2015. Intratympanic steroid 
treatments may improve hearing via ion hemeostasis alterations and not immune 
suppression. Otol Neurotol 36:1089-1095.

104.	 Lang, F., Vallon, V., Knipper, M., and Wangemann, P. 2007. Functional significance of 
channels and transporters expressed in the inner ear and kidney. Am J Physiol Cell 
Physiol 293:C1187-1208.

105.	 Frisina, D.R., Ding, B., Zhu, X., Walton, J.P. 2016. Age-related hearing loss: preven-
tion of threshold declines, cell loss and apoptosis in spiral ganglion neurons. Aging 
8:2081-2099.

106.	 Hauser, P., McMillin, J.M., Bhatara, V.S. 1998. Resistance to thyroid hormone: impli-
cations for neurodevelopmental research on the effects of thyroid hormne disrup-
tors. Tox Ind Health 14:85-101.

107.	 Sher, E.S., Xu, X.M., Adams, P.M., Craft, C.M., Stein, S.A. 1998. The effects of thyroid 
hormone level and action in developing brain: Are these targets for the actions of 
polychlorinated biphenyls and dioxins? Tox Ind Health 14:121-158.

108.	 Ng, L., Cordas, E., Wu, X., Vella, K.R., Hollenberg, A.N., and Forrest, D. 2015. Age-
Related Hearing Loss and Degeneration of Cochlear Hair Cells in Mice Lacking Thyroid 
Hormone Receptor beta1. Endocrinology 156:3853-3865.

109.	 Abel, E.D., Boers, M.E., Pazos-Moura, C., Moura, E., Kaulbach, H., Zakaria, M., Lowell, 
B., Radovick, S., Liberman, M.C., and Wondisford, F. 1999. Divergent roles for thyroid 
hormone receptor beta isoforms in the endocrine axis and auditory system. J Clin 
Invest 104:291-300.


