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Abstract

Objective: To describe low-frequency sensorineural hearing loss (LFSNHL) inherited as a
dominant trait in 3 families and in 1 sporadic case.

Design: Longitudinal clinical study from 1968 to 2001.
Setting: Tertiary care hospital; field studies conducted by molecular genetic research laboratory.
Participants: Dominant LFSNHL families.

Interventions: Questionnaires, serial audiograms, and interviews, correlated with molecular
genetic data.

Outcome Measures: Symptoms, age of onset, serial audiometric data, and hearing aid use.

Results: Low-frequency sensorineural hearing loss is typically diagnosed in the first decade and
slowly progresses over decades; LFSNHL is often asymptomatic in young patients, few of whom
use hearing aids. Speech perception becomes affected in later decades when patients develop high-
frequency loss. Even children with a strong family history of dominant LFSNHL were not
monitoreDroutinely. Penetrance appears complete in that all individuals with a genetic mutation
developed hearing loss.

Conclusions: Dominant LFSNHL is most commonly caused by mutations in the Wolfram
syndrome type 1 gene (WFS/). Mutations in WFS1 also cause a rare recessive syndromic form of
hearing loss known as Wolfram syndrome or DIDMOAD (diabetes insipidus, diabetes mellitus,
optic atrophy, and deafness). Routine newborn hearing screening methods will not typically
identify hearing loss affecting frequencies below 2000 Hz; thus, children at risk must be
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specifically monitored. Genetic counseling and genetic testing may be useful in the management
of patients with this type of hearing loss.

Low - frequency sensorineural hearing loss (LFSNHL) is an unusual type of hearing
impairment in which frequencies below 2000 Hz are predominantly affected. The
EuropeanWorking Group on Genetics of Hearing Impairment has defined such loss as lowto
mid-frequency hearing impairment with a difference of at least 15 dB between the poorer
lower-frequency and the better higher-frequency thresholds and an air bone gap of less than
15 dB! There are at least 5 types of LFSNHL: (1) acute low-tone SNHL?Z; (2) DFNA1
hearing impairment34; (3) DFNAG/14 hearing impairment; (4) LFSNHL associated with
Meniere disease®; and (5) sporadic isolated LFNSHL. While both DFNAI and DFNA6/14
are genetic loci linked to nonsyndromic, autosomal dominant LFSNHL, DFNAI deafness is
distinguished by rapid progression that results in profound bilateral deafness by the fourth
decade of life. Mutations in the D/APHI gene cause LFSNHL linked to DFNAZ, which is
extremely rare (reported in only 1 family worldwide).

For commentary see page 405

In contrast, DFNA6/14 hearing impairment appears to be composed of a large proportion of
hereditary LFSNHL. We have shown that mutations in the Wolfram syndrome type 1 gene
(WFS) underlie DFNA6/14, identifying 5 heterozygous missense mutations in WFSI in 5
dominant LFSNHL families and 1 sporadic case® One mutation, A716T, was found in 2
unrelated families in our study and also in a third family from Newfoundland’ The purpose
of this article is to describe the clinical phenotype of dominant LFSNHL caused by genetic
mutations in WFSI in 4 families (families 59, 35, 19, and 21).

METHODS

The family pedigrees have been previously described.5:8:2 Families 59, 35, and 19 have
autosomal dominant inheritance, whereas the proband of family 21 has sporadic unilateral
low- frequency hearing loss. The institutional review boards of the respective institutions
(University of Michigan, Rockefeller University, Vanderbilt University, and the National
Institute on Deafness and Other Communication Disorders) approved the study, and
informed consent was obtained from each participating subject. Information regarding the
history of the hearing loss and assessing risk indicators for acquired hearing loss was
obtained through a questionnaire or by personal interviews. Audiometric data were obtained
by testing at tertiary care centers and at private audiology offices as well as field testing at
subjects’ homes. Prior audiograms were obtained when available, including 10 dating from
1968 for family 59.

The test battery included pure-tone audiometry with high- frequency ipsilateral masking
(GSI-16 clinical audiometer [Grason- Stadler Inc, Madison, Wis] and external masker),10
word recognition performance, aural immittance measurement (GSI-33 middleear analyzer;
Grason-Stadler Inc), and distortion product oto acoustic emissions (Virtual 330; Virtual
Corporation, Portland Ore). For field testing, pure-tone thresholds were obtained using a
Beltone 120 audiometer with ER3-A earphones and EAR link foam ear tips (Beltone
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Electronic Corp, Chicago, 111). Tasco T250 earmuffs (The American Safety Company,
Brownwood, Tex) were positioned during air conduction testing. Age of onset was
determined by the age at which hearing loss was first documented or by the patient’s
recollection, whichever date was earlier.

AUDIOMETRIC ASPECTS

Comparison of audiograms within and across families revealed progression of hearing loss
with increasing age and variability in the pattern of hearing loss among affected members
within family 59 (Figure 1), family 35 (Figure 2), and families 19 and 21 (Figure 3). Serial
audiometric data are presented for selected individuals in family 59 (Figure 4A-B) and
family 35 (Figure 5). Overall, the natural history of hearing loss in families 59, 35, and 19
was similar, although variable within families. Several members of family 35 have better
hearing at low (250- and 500-Hz) compared with middle (1000- and 2000-Hz) frequencies.

The hereditary hearing loss developed in the first and second decades of life as a symmetric
bilateral SNHL affecting frequencies below 2000 Hz, with excellent speech discrimination.
With advancing age, hearing loss for audiometric frequencies of 250 through 2000 Hz
worsened in a low- to high-frequency sequence with thresholds on average exceeding a 50-
dB hearing loss by age 50 years. In the fifth and sixth decades, the hearing loss became
flatter with hearing loss developing at high frequencies (4000 Hz) with relative preservation
at midfrequencies, creating a “peaked” audiogram. Loss of distortion product otoacoustic
emissions implicated outer hair cells either directly or indirectly.

Only 2 subjects had profound hearing loss, both in family 59. A 61-year-old woman (Figure
4, person 59-J) had lifelong right profound loss with the more typical low-frequency loss
pattern in the left ear. Bone conduction thresholds obtained in the right ear at age 29 years
were considered vibrotactile. A second subject was reported to have had a cochlear implant,
but the genetic status of this subject is presently unknown.

The proband of family 21 was a 5-year-old girl diagnosed with sporadic unilateral LFSNHL
through a routine school screening (Figure 3, person 21-A). She had no risk factors for
hearing loss, and the family had suspected hearing loss for at least 2 years.

AGE OF ONSET

A pure-tone hearing loss at 250 and 500 Hz was usually evident by age 10 years (Figure 6).
A small number of individuals could not recall when they first became aware of hearing loss
and/or had the diagnosis made later in life through participation in our study. One individual
had documented normal hearing at age 6 years with a follow-up audiogram at age 22 years
documenting LFSNHL (Figure 4, person 59-N). In addition, audiologic data obtained for 10
children at risk, age 10 years or younger, revealed only 1 child with LFSNHL (data not
shown).
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USE OF AMPLIFICATION

Most of the affected family members were not successful hearing aid users. Of the affected
members in family 59, 5 (24%) of 21 had hearing aids and even fewer were regular users. Of
the affected members in families 35 and 19,5 (50%) of 10 and 3 (50%) of 6 wore hearing
aids, respectively.

ASSOCIATED SYMPTOMS

On questioning, nearly all subjects with low-frequency hearing loss reported tinnitus.
However, none found it disabling, and there were no periods of exacerbations or Meniere-
like episodes. None reported vestibular complaints. Based on a comprehensive medical
examination in 1968 as well as a health questionnaire in 1993, no other clinical features
were found to segregate with the hearing loss in family 598 Review of family questionnaires
in families 19, 35, and 21 was also consistent with nonsyndromic hearing loss.

MOLECULAR GENETICS

The hearing loss was completely penetrant in an age-dependent fashion, since all subjects
with a confirmed WFS1 deafness-causing mutation generally developed hearing loss by age
20 years, and there were no affected children without an affected parent. However,
presymptomatic genetic testing was not performed on children with normal hearing. In
family 59, a 27-year-old woman (Figure 7, person 59-0) with minimal LFSNHL lacked the
L829P mutation in WFSI common to the affected members of the family and was
considered a phenocopy.

COMMENT

Low-frequency sensorineural hearing loss was formerly called bass perceptive deafness,
although some doubted whether isolated LFSNHL even existed!! Because inadequate
methods for masking made it difficult to obtain true bone conduction levels, a rising
audiometric configuration was often assumed to herald a conductive hearing loss.11-13
These authors also noted that patients with isolated LFSNHL had excellent speech
discrimination, which tends to delay diagnosis.

Family 59 was the subject of the first description of dominant LFSNHL, reported as kindred
| by the Vanderbilt Hereditary Deafness Study Group.8 At that time, 15 family members
were identified as affected, with 4 children considered “borderline” affected. The hearing
loss was interpreted as cochlear in nature based on Bekesy audiometry and short increment
sensitivity index scores. In 1969, Konigsmark4 published a seminal article describing 8
major types of hereditary hearing loss. He suggested that dominant low-frequency hearing
loss “is not an infrequent cause of deafness,” since 3 such families from their patient
population were ascertained.1> However, most other studies agree that LFSNHL is rare,12:16
with an incidence of only 0.6% in Denmark.1” Hereditary LFSNHL has been described in

affecteDrelative pairs'3-18 and in other large families with autosomal dominant inheritance.
19,20
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Overall, hearing loss is one of the most genetically heterogeneous disorders described, with
over 40 genetic loci identified for dominant deafness alone.?! The audiometric pattern may
vary even among members of a family with the same genetic mutation.22 Modifier genes?3
or environmental factors may modulate the effect of the primary genetic mutation.24 In
general, the responsible gene cannot be predicted from the audiogram; for example,
congenital profound deafness may be caused by GJBZ or Connexin 26 (CX26). In contrast,
autosom dominant LFSNHL appears highly predictive of a W/FS/mutation.6:25

Other causes of LFSNHL include retrocochlear lesions and cochlear otosclerosis.28
Acquired LFSNHL has been reported as a rare complication of spinal anesthesia, with loss
of perilymph hypothesized to cause a relative increase in endolymphatic pressure analogous
to hydrops.2” WFS1 mutations do not appear to be a major cause of sporadic LFSNHL
(unpublished data, 2001).25 Further genetic studies may help elucidate whether sporadic
LFSNHL without vertigo is a variant of Meniere disease or a separate clinical entity.

The WFSI gene was first identified as the cause Wolfram syndrome, also known as
DIDMOAD (diabetes insipidus, diabetes mellitus, optic atrophy, anddeafness).28:29 Wolfram
syndrome is a rare autosomal recessive syndrome with the minimal diagnostic criteria
juvenile-onset diabetes mellitus and optic atrophy. The hearing loss associated with Wolfram
syndrome is most commonly delayed onset and progressive, and surprisingly, is usually
described as affecting the high frequencies.3%:31 Patients with Wolfram syndrome generally
lack any functional wolframin protein, while the deafness-associated WFS/mutations are
heterozygous missense mutations that affect only 1 copy of the gene and typically change
only 1 amino acid.

In the 3 dominant families in our study, the natural history of the hearing loss varied among
family members, beginning in childhood and progressing slowly over time. With increasing
age, affected family members developed high-frequency SNHL (HFSNHL) with relative
preservation of hearing in the mid-frequencies. The like lihood of hearing aid use depended
on the person’s age and probably also on socioeconomic status. A similar “double-notch
audiogram” has been reported in rare patients with noise exposure.32 The HFSNHL in the
older affected members in our study could be caused by the WFS/ mutation or may be
merely superimposed on the LFSNHL secondary to noise or presbycusis. Because
presbycusis and noise-induced hearing loss usually do not segregate in families as autosomal
dominant traits and WFSI mutations cause HFSNHL in patients with Wolfram syndrome,
we hypothesize that the HFSNHL is part of the WFSJ phenotype. Genetic analysis of the
WFS/ gene in additional patients with LFSNHL as well as other types of hearing loss such
as presbycusis will be necessary to further define genotype-phenotype correlations.

The molecular mechanisms explaining the different phenotypes caused by WFSJ mutations
are currently unknown. WFSi encodes a unique protein, wolframin, that has no homology to
any known protein. The WFS/ gene is expressed in the endoplasmic reticulum of cells, and
therefore a role in protein sorting, protein trafficking, or calcium homeostasis has been
hypothesized.33 There are currently no animal models of human low-frequency hearing loss,
since few nonhuman mammals have useful hearing below 2000 Hz. Furthermore,
experiments attempting to create such a model found that animals with apical cochlear
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lesions are still able to respond to low-frequency stimuli.3# This phenomenon results from
the response of the basal cochlea to the harmonics of low-frequency tones, thus masking at
frequencies higher than the stimulus frequency is necessary.3%:36 Transgenic mice may be
helpful in the future to elucidate the role of WFSZ in the pathophysiology of LFSNHL.

The final question is whether patients with WF51 mutations have normal hearing at birth or
congenital LFSNHL that is not detected until years later. Determining the exact age of onset
is hampered by the lack of audiologic data at early ages, the relative lack of symptoms with
isolated LFSNHL, and the tendency for people to delay getting a hearing test even when
hearing loss is suspected. Often, 10 years or more elapsed between the time that hearing loss
was suspected and when it was formally diagnosed by audiometry. In our study, several
members had not noted hearing loss until they had a routine hearing test at school, at work,
or through participation in our study. Indeed, participation in our study increased awareness
in the families that their hearing loss was hereditary. One patient (Figure 1, person 59-C)
attributed her hearing loss to noise exposure, since she first noticed it after attending a rock
concert at age 13 years. Most likely, she experienced a temporary threshold shift in the high
frequencies, which in combination with hereditary LFSNHL left her severely disabled for a
period, whereas others experiencing a temporary threshold shift still had useful hearing in
the low frequencies.

In family 59, the incidence of LFSNHL in children with an affected parent was far lower
than 50% as would be expected with a fully penetrant dominant trait. Ascertainment bias
may explain why all children tested were found to have normal hearing, if parents who
suspect hearing loss in their child were reluctant to participate. Alternatively, it is possible
that only 1 in 10 children inherited the dominant trait by chance alone. However, considering
the case of person 59-N, with documented normal hearing prior to developing LFSNHL, we
favor the explanation that W/FS1 hearing loss develops later in children born with normal
hearing. Evaluating children for hearing loss at an early age will be the only way to answer
the question, but to date, almost none of the affected family members or their physicians
sought newborn hearing screening for children at risk.

Routine methods of newborn hearing screening, whether by distortion product otoacoustic
emissions or auditory brainstem response, will not typically assess frequencies lower than
2000 Hz. A family history should be obtained in patients with LFSNHL to allow audiologic
monitoring for children at risk. For such children, visual reinforcement audiometry at age 6
months, or preferably, auditory brainstem response prior to 6 months, is advised. Because
the sound energy of a click stimulus is concentrated at 2000 to 4000 Hz,37 the physician
should specifically request 500- and 1000-Hz tone bursts to rule out LFSNHL. An
awareness of the hereditary nature of LFSNHL among clinicians will facilitate identification
of families who might benefit from genetic counseling or perhaps genetic testing.

In summary, we describe a sporadic case and 3 families with autosomal dominant
nonsyndromic progressive low-frequency cochlear SNHL, all found to have mutations in the
WF51 gene. In the future, molecular genetic studies may be increasingly useful to allow
clinicians to distinguish between similar clinical entities.
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Figure 1.
Representative audiograms of affected individuals from family 59 showing pure-tone

audiometry results for air conduction bilaterally.
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Figure 2.

Representative audiograms of affected individuals from family 35 showing pure-tone

audiometry results for air conduction bilaterally.
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Figure 3.
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Audiograms of affected individuals from families 19 (19A-F) and 21 (21-A) showing pure-
tone audiometry results for air conduction bilaterally.
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A, Audiograms (divided into right and left ear) of patients 59-G to 59-J with low-frequency
hearing loss from family 59 demonstrating progression of hearing loss over decades. All
curves represent air conduction thresholds, with the exception of person 59-J, right ear,
curve for age 29 years, which represents bone conduction thresholds (considered
vibrotactile).
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Figure4. B,

Audiograms (divided into right and left ear) of patients 59-K to 59-N with low-frequency
hearing loss from family 59 demonstrating progression of hearing loss over decades. All

curves represent air conduction thresholds.
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Figureb.
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Audiograms (divided into right and left ear) of selected patients with low-frequency hearing
loss from family 35 demonstrating progression of hearing loss over decades. All curves
represent air conduction thresholds.

Arch Otolaryngol Head Neck Surg. Author manuscript; available in PMC 2018 September 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lesperance et al.

No. of Family Members

I

M Family 19 I

W Family 35 }
0 Fanily 59 |

0-10

11-20

21-30

31-40
Age of Onset, y

41-50

51-60

>60

Figure®6.

Page 15

Age of onset of hearing loss in families 59, 35, and 19. Bars indicate number of individuals
noting onset of hearing loss in each decade of life.

Arch Otolaryngol Head Neck Surg. Author manuscript; available in PMC 2018 September 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Lesperance et al.

Hearing Threshold, dB

59-0: F (Age 27 y)

{
|
|
1
|
|

X LeftEar | |

O Right Ear :f =

100

250

500

750 1000 1500 2000 3000 4000 6000 8000

Frequency, Hz

Figure7.

Page 16

Audiogram of an individual from family 59 with an atypical pattern of hearing loss that is
not caused by WFSI mutation (phenocopy).
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