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Abstract

Introduction Hearing impairment concerns a relevant percentage of individuals with Osteogenesis Imperfecta (OI). When
looking at the current literature, the percentage of affected individuals with OI varies greatly from 32 to 58% of patients hav-
ing mild OI and 21% to 27% of patients having moderate to severe OI. Little is known about the German population with OI.
Method The goal of this study was to detect how many patients with OI, who visited the annual meeting of the German
Association for Osteogenesis Imperfecta in 2023, proved to have a hearing impairment. In this prospective, cross-sectional
study, each included individual obtained ear microscopy, audiometry, stapedius reflexes, tympanometry, and OAEs. Fur-
thermore, each patient was asked a set of questions concerning the medical history.

Results Of the included patients, 33% had hearing impairment. A significant difference was found for the mean air—bone gap
(ABG) as well as the hearing threshold of the right ears. The difference was found between OI type III and IV (p=0.0127)
for the mean ABG and Ol type I and IV (p=0.0138) as well as IIT and IV (p=0.0281) for the hearing threshold. Spearman’s
rank correlation showed a high correlation between age and hearing threshold. Of the patients between 40 and 50 years old,
56% had hearing loss.

Conclusion Hearing loss in individuals with OI is still a relevant problem, especially age-related in OI type I. Audiometry
should be performed at least when individuals experience subjective hearing loss. The implementation of a screening start-
ing at 40 years should be discussed and studied.
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Introduction

Osteogenesis Imperfecta (OI) is a group of genetic diseases
in which the synthesis of the bone matrix is affected. The
latter results in fragile bones with minor trauma causing the
bones to break. The clinical severity varies from intrauterine
lethality to low fracture incidence. Genetically 22 different
types are differentiated [1]. Forlino et al. offers a classifi-
cation that takes genetical information into account [2]. In
Table 1 type of OI, appearance and form are specified.Most
cases (> 80%) have autosomal-dominant heterozygote Muta-
tion in Genes of collagensythesis (COL1A1 or COL1A?2)
[3]. In Germany an approximate of 4000 people are affected
by OI [4].

Hearing impairment concerns a relevant percentage of
individuals with Osteogenesis Imperfecta (OI). Depend-
ing on the literature, 32-58% of patients have mild OI, and
21-27% of patients have moderate to severe OI [5, 6]. Con-
ductive and sensorineural, as well as mixed hearing loss can
be found. Conductive hearing loss can mainly be found in
younger patients with OI type IV, whereas sensorineural and
mixed hearing loss concern mainly older patients with OI
type I according to Sillence et al. [7, 8]. Conductive hearing
loss is thought to be caused by stapes fracture, and bone
remodeling with columnar stapes with or without fixation
of the footplate [5, 6]. Sensorineural hearing loss is thought

Table 1 OI types and genetics [1-3]

to be caused by microfractures of the cochlea, retro-coch-
lear otosclerosis, and atrophy of the stria vascularis and hair
cells. In children and young adolescents with OI, a broad
variety of data ranging from 22 to 31% of the 4-9 years
old and 28-62% of the 10 to 19 years old to 4.4% of the
4-16 years old exists .

Treatment options for conductive hearing loss include hear-
ing aids and established surgery techniques for middle ear sur-
gery. When sensorineural hearing loss has reached a certain
degree and cannot be treated sufficiently by hearing aids, coch-
lea implantation is a possible therapeutic option with a good
results. Untreated hearing loss can have a negative impact on
children, young adults, and adults. Untreated presbycusis for
example, can negatively impact cognitive, emotional, and
social behavior [9]. Perception of one’s language can be nega-
tively impaired [10]. In children, delayed speech development
can be seen in children with middle to high impairment of
hearing function in both ears without treatment [11]. Hearing
impairment in one ear or mild hearing impairment in both ears
can lead to hearing associated fatigue [12].

Until now recurrent audiometry does not belong to stand-
ard follow-up of patients with OI. Hearing tests are con-
ducted only when patients report subjective hearing impair-
ment, which can delay treatment. The aim of this study was
to determine the prevalence of hearing impairment among

OlI type by Forlino  Genetic mutation Form Type of defect

(@)

1 COL1A1 or COL1A2 Mild Defects in collagen, synthesie, structure, or processing
1I COL1A1 or COL1A2 Lethal

III COL1A1 or COL1A2 Severe

v COL1A1 or COL1A2 Mild to moderate

A\ IFITMS Moderate to severe Defects in bone mineralization

VI SERPINF1 Moderate to severe

VII CRTAP Moderate Defects in collagen modification

VIII LEPRE1/ P3H1 Lethal or severe

IX PP1B Lethal or severe

X SERPINH1 Lethal or severe Defects in collagen folding and cross-linking

XI FKBP10 Severe

XII SP7 Moderate to severe Defects in osteoblast development with collagen insufficiency
XIII BMP1 Moderate to severe Defects in collagen, synthesie, structure, or processing
XIvV TMEM38B Moderate to severe Defects in collagen modification

XV WNTI1 Moderate to severe Defects in osteoblast development with collagen insufficiency
XVI CREB3L1 Severe

XvIl SPARC/Osteonectin Severe

XVIIL MBTPS2/S2P Severe

XIX TENTS5A/FAM46A Severe Defects in collagen, synthesie, structure, or processing
XX MESD Lethal or severe Defect in bone mineralization

XXI KDELR2 Severe Defect in collagen transport

XX1I CCDC134 Severe Defects in bone mineralization
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patients with OI who attended the annual meeting of the
German Association for Osteogenesis Imperfecta.

Methods

During the 2023 annual meeting of the German Associa-
tion for Oteogenesis Imperfecta, 39 patients with OI were
included in this prospective, cross-sectional study. 23
patients were female and 16 were male. The distribution
of OI types was as follows: Ten patients had OI type I, 18
patients had OI type III, 9 patients had OI type IV, and 2
patients had OI type V. Participation in the study was vol-
untary. Each included individual obtained ear microscopy
using “ATMOS i View 21”7 (ATMOS MedizinTechnik
GmbH&Co. KG; Lenzkirch; Deutschland). Furthernore
audiometry, stapdius reflexes, and tympanometry was per-
formed using “ATMOS Audio Cube 31”7 (ATMOS Mediz-
inTechnik GmbH&Co. KG; Lenzkirch; Deutschland). OAE
measurements was done using Sentiero (Path Medical Solu-
tions, Germany). Furthermore, each patient was asked a set
of questions concerning the medical history: pre-existing
illnesses and surgeries concerning the ear and hearing, previ-
ous and current medication for OI, previous investigations
of the ear and hearing, as well as type of OI. Patient demo-
graphics can be found in Table 1.

For the type of O, the classification by Forlino et al. was
used [2]. This classification is based on the classification by
David Sillence [8] but also takes into account the genotype,
resulting initially in a total of 18 types. 4 types have been
added by Jovanovic et al. recently [1].

During pure tone audiometry, the frequencies 250 Hz,
500 Hz, 1 kHz, 2 kHz, 4 kHz, and 6 kHz were tested.
Audiometry results were classified as normal if the hear-
ing threshold was lower than 30 dB and pathologic if the
threshold was 30 dB or higher in one or more frequencies.
The mean hearing threshold was deducted from the acquired

data as well as the mean air-bone-gap (ABG) and the mean
hearing threshold of bone conduction. Tympanometry was
performed using a probe tone of 226 Hz. Stapedius reflexes
were measured at 500 Hz, 1 kHz, 2 kHz, and 4 kHz. TEOAE
screening was measured and DPOAEs were measured for
1 kHz, 2 kHz, 4 kHz, and 6 kHz. Audiometry was performed
in accordance to German standard of procedure for clinical
trials [13].

Calculations were performed with R (version 4.3.1, The
R Foundation for Statistical Computing, Vienna, Austria).
Wilcoxon test for paired groups, Spearman’s rank correlation
and Kruskal-Wallis test followed by Dunns’ test if signifi-
cant were performed.

Results

The median age of the participants was 33 years (y) with a
mean age of 37 y (standard deviation (sd) 16 y, min 6 y, max
69 y). The mean age by the OI group was 50 y for OI type
I, 32 y for OI type 111, 34 y for OI type IV, and 22 y for OI
type V. The median hearing threshold for the right ear was
21 dB ( mean: 30 (sd 28 dB) and for the left ear the median
was 15 dB and mean 28 dB (sd 26 dB). The median ABG
was 11 dB for the right ear with mean being 7 dB (sd 11 dB).
For the left ear median was 6 dB and mean 10 dB (sd 11 dB).
One patient had received cochlea implant. Two patients had
undergone middle ear surgery having been diagnosed with
otosclerosis and one patient had received Tympanoplastik
due to luxation of the middle ear ossicles. Four patients had
received hearing aids due to hearing loss. Two patients had
a family history of hearing loss. One patient had experienced
noise trauma. One patient had experienced reccurent mid-
dle ear infection as a child. Three patient had experienced
subjective hearing loss after head trauma.

Regarding ear microscopy for OI type III, the anterior
tympano-meatal angle was found to be far more acute than

Fig. 1 The eardrum of two individuals with OI type III (sub-Figs. a and b) as well as of one individual with OI type I (sub-Fig. ¢)
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in healthy or phenotypically not affected OI type I individu-
als, as shown in Fig. 1.

All patients with moderate or profound hearing loss had
received therapy, though all the patients were referred to a
larger hospital for the implementation of the therapy. None
of the patients had used or tested hearing aids. Further
results can be found in Table 2.

First mean ABG als well as mean hearing threshold by
ear were compared one to another via the Wilcoxon test for
paired groups. No statistically significant difference was
found.

Mean ABG and hearing threshold between types of OI
were compared using the Kruskal-Wallis test. Patients with
Ol type V were excluded for those tests due to the low num-
ber in comparison to the other groups. A significant differ-
ence was found for mean ABG the right ears (p=0.0166),
Dunns’ test revealed a significant difference between OI
type Il and IV (p=0.0127). In contrast, no significant dif-
ference was found for left ears (p=0.0181). For hearing
thresholds, a significant difference was found for the right
ears (p=0.0094). Dunns’ test showed a significant difference
between groups of OI I and IV (p=0.0138) and between
III and IV (p=0.0281). Left ears were also significant
(p=0.0275). Dunns’ test revealed a significant difference
between groups of OI I and IV (p=0.0241). A Boxplot of
the mean hearing threshold and ABG is shown in Fig. 2.

Ear canal volume was compared using the Kruskal-Wallis
test and was found to be significant for left ears (p =0.0203).
Dunns’ test revealed a significant difference between OI type
Iand IV (p=0.0158).

Spearman’s rank correlation showed a positive and high
correlation between age and hearing threshold for both
right and left ears (right: tho=0.0598, p=0.00003; left:
rho=0.0612, p=0.00002) as seen in Fig. 3. Bone conduc-
tion hearing threshold showed a positive and high corre-
lation with age for right and left ears (right: tho=0.6435,
p=0.000005; left: rho=0.6308, p=0.000008). The hearing
threshold of the right and left ears also showed positive and
high correlation (rho=0.8107, p=0.0000000002). When
analyzing the percentage of patients affected by hearing
impairment by age, no patient under 20 years had hear-
ing loss. From 20 to 30 years, 7% of the included patients
had hearing loss. All of them had conductive hearing loss.
Among the patients between 30 to 40 years, 33% had hear-
ing loss. Between 40 and 50 years, 56% had hearing loss. In
those two groups, none of the patients had conductive hear-
ing loss. Of the patients older than 50 years, 65% had hear-
ing loss. Only one patient had conductive hearing loss. 69%
of the patients in the group older than 50 years had OI type L.

Discussion

A few studies exist regarding hearing loss in patients with
OI, though most of them were published around the 2000-
year mark [6, 14—16]. No cross-sectional study regarding
the hearing abilities of the German population with OI was
found. Furthermore, when acquiring hearing data, one dif-
ficulty is, that most patients interested experienced some
kind of subjective hearing loss [5]. Machol suggested this
selection bias concerning some early studies regarding

Table 2 Patients demographics

OI type I OlI type III OI type IV OI type V
Number of included ears 20 36 18 4
Conductive hearing loss [ears] 0 3 0 0
Mixed hearing loss [ears] 5 9 0 0
Sensorineural hearing loss [ears] 7 2 0 0
TEOAE [ears] Pass: 8 Pass: 20 Pass: 16 Pass: 4
Refer: 12 Refer: 16 Refer: 2 Refer: 0
Stapediusreflexes 0.5 kHz [ears] Pass: 6 Pass: 17 Pass: 4 Pass: 0
Refer: 12 Refer: 18 Refer: 14 Refer: 4
n/a: 2 n/a: 1
Stapediusreflexes Pass: 5 Pass: 5 Pass: 4 Pass: 0
4 kHz [ears] Refer: 13 Refer: 29 Refer: 14 Refer: 4
n/a: 2 n/a: 2
Mean ABG right/left ear Right: 11dB  Right: 16 dB Right: 5 dB Right: 5 dB
Left: 10 dB Left: 13 dB Left: 5dB Left: 5 dB
Mean hearing threshold right/left ear Right: 42dB  Right: 34 dB Right: 13 dB Right: 12 dB
Left: 44 dB Left 28 dB Left: 15 dB Left 11 dB
Mean ear canal volume Right:1,32ml  Right: 1,18 ml  Right: 0,95 ml  Right: 0,96 ml
Left: 1,39 ml Left: 1,11 ml Left: 0,92 ml Left: 0,95 ml
Tympanometry[ears] Type A: 20 Type A: 34 Type A: 16 Type A: 4
Type As: 2 Type B: 2
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Osteogenesis Imperfecta and hearing. To avoid such a bias,
sample acquirement was done during the annual meeting of
the German Association for Osteogenesis Imperfecta. Most
participants with OI were included in this study.

Kuurila et al. found hearing loss in half of the included
population. The mean age of the participants was 52 years
[6]. In this study, hearing loss was found in 33% of the
patients. This can be related to the lower mean age in this
study, which was 33 years. Pillion et al. as well as Hartikka
et al. found 62-65% of hearing loss despite a similarly low
mean age. This could be due to the difference in the defi-
nition of hearing loss. The latter was defined as a hearing
threshold equal to or lower than 15 dB under 60 years and
20 dB over 60 years. In this study, a pathologic hearing
threshold was defined as 30 dB or higher. This was chosen in
alignment with the definition of a pathologic audiometry in
Germany and in alignment with the HORSTAT study [17]. A
hearing threshold with 30 dB or worse would in many cases
lead to the recommendation of a therapy. Furthermore, such
a hearing threshold can be verified by TEOAEs in cases of
unclarity. TEOAE are also used to screen for hearing impair-
ment in newborns. Positive TEOAE, which are positive up
to a hearing threshold of 25 dB, are thought to exclude a
hearing impairment in need of therapy [18]. In alignment
with our findings, Waissbluth found hearing loss in 30% of
the included patients with a median age of 20 years [19]. The
rate of hearing loss of 33% in this study is higher than in the
general German population, where the rate of hearing loss
was found to be 16% [17]. This is in line with the findings of
other countries, where the rate of hearing loss in the general
population is around 10% [20]. Hearing loss is thus higher
in patients with Osteogenesis Imperfecta.

Similarly to Kuurila et al., mainly mixed and sensorineu-
ral hearing loss was found in patients with OI type I, and
conductive and mixed hearing loss was found in patients
with OI type III [6]. For type IV and V OI, none of the
included patients had hearing loss. For OI type V this can
be due to the small patient number. Machol et al. also found
age-related sensorineural hearing loss mainly in patients
with OI type L. For OI type IV, they found only conductive
hearing loss [5]. Other studies have also found mixed hear-
ing loss to be the most dominant type of hearing loss, with
conductive hearing loss mainly found in younger patients
and an increasing sensorineural hearing loss component in
older patients [21, 22]. Studies inquiring about hearing loss
by type of OI are sparse.

This study also found a positive correlation between the
hearing threshold of the left and right ear, indicating, that
a patient with hearing loss in one ear, is highly likely to
have a hearing loss on the other side [6]. In our study hear-
ing loss was found to start earlier than presbycusis. Pres-
bycusis is thought to start at 60 years [17]. In this study,
beginning at 30 years the percentage of patients with hearing

@ Springer

loss is higher than the average hearing loss in the general
population with the percentage of OI patients with hear-
ing impairment being 33% and in the general population
around 10-16% [17, 20]. Similarly to other findings hearing
loss formed a plateau around 40 years [7, 23-25]. Almost
two-thirds of the patients with OI over 40 years old have
hearing loss. This is an even higher percentage than the rate
of presbycusis, where 40% of patients older than 65 years
have hearing loss [20]. Hearing screenings are discussed
for older adults. Positive effects of hearing screening in
older adults have been found, for example, hearing screen-
ing was found to lead to significantly more hearing aid use
[26]. Furthermore, evidence exists regarding the positive
cost-effectiveness of hearing screening in older adults [27].
Hearing screening for persons with Osteogenesis Imperfecta
beginning at the age of 40 years should be discussed.

Though all patients with moderate to profound hearing
loss in this study received treatment, it has to be noted, that
all patients were transferred to a bigger hospital for ini-
tialization of the therapy. This is usually associated with a
delayed start of the therapy due to longer waiting times for
an appointment in the hospital. Untreated presbycusis loss
is known to contribute to cognitive decline [9, 28]. Hearing
screening could positively influence the time between the
onset of the hearing loss and the start of the therapy. For
instance, patients with mild hearing loss could already be
scheduled for presentation in a larger hospital.

Conclusion

Hearing loss in individuals with Osteogenesis Imperfecta is
still a relevant problem, especially age-related in Osteogen-
esis Imperfecta type I. Audiometry should be performed at
least when individuals experience subjective hearing loss.
The implementation of a screening starting at 40 years should
be discussed and studied. Furthermore, to enable better
patient-centered care of people with Osteogenesis Imperfecta
it is crucial to provide sufficient information about medical
centers that perform middle ear surgeries on OI patients.
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