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A B S T R A C T   

Peroxisome Biogenesis Disorders in the Zellweger Spectrum (PBD-ZSD) are autosomal recessive disorders 
characterized by defects in functional peroxisomes. Clinical manifestations can range in severity and age at 
presentation and often include retinitis pigmentosa, neuroregression, and peripheral neuropathy. Although 
hearing loss is often associated with PBD-ZSD, the site of lesion is poorly understood. This study reports our 
experience with a child with a moderate form of PBD-ZSD who underwent successful bilateral cochlear im
plantation for progressive severe-to-profound hearing loss and performs well with the device. The audiological 
profile was characterized by severe sensorineural hearing loss bilaterally on auditory brainstem responses, 
reduced cochlear microphonic potentials with absent compound action potential and summating potential on 
electrocochleography, and clear neural responses on cochlear implant-evoked, electrical compound action po
tential testing after implantation. These findings suggest a cochlear-neural site of lesion rather than a true 
auditory neuropathy.   

1. Introduction 

Peroxisome Biogensis Disorders in the Zellweger Spectrum (PBD- 
ZSD) are a group of autosomal recessive disorders characterized by de
fects in formation of peroxisomes and are a result of mutations in one of 
13 PEX genes [1–4]. Peroxisomes are crucial for lipid biosynthesis and 
fatty acid oxidation in eukaryotic cells. Clinically, PBD-ZSD can range 
from mild to severe phenotypes with core features that include devel
opmental delay and other neurological abnormalities, liver dysfunction, 
vision impairment, and adrenocortical dysfunction [3,5]. Hearing loss is 
also an important manifestation of PBD-ZSD that is more often observed 
in intermediate and milder cases [3,6,7]. Despite being often noted, 
hearing loss associated with PBD-ZSD is not well understood. Most 
studies do not provide any specific audiological profile related to the 
hearing loss [2,8–11]. A few studies have objectively described the 
hearing loss with soundfield audiometry and/or auditory brainstem 
responses [1,4]. The objective of this study was to report the audiolog
ical profile in a child with intermediate PBD-ZSD who underwent 
comprehensive, audiological assessment before, during and after bilat
eral cochlear implantation. The site of lesion associated with hearing 
loss was evaluated using pure tone audiometry, tympanometry, 

acoustically-evoked electrocochleography (ECochG), auditory brain
stem response (ABR), and electrically evoked compound action poten
tials (eCAPs) after cochlear implantation. 

2. Case report 

KM is a 13-year-old Caucasian female with a history of an interme
diate form of PBD-ZSD who presented to our department with progres
sive bilateral hearing loss since birth. Her past medical history included 
developmental delay, progressive vision loss as a result of retinitis pig
mentosa, adrenal insufficiency, gastrostomy tube dependence as a result 
of severe dysphagia, and paraparesis of both lower limbs with dystonia. 
Her hearing loss was first identified as a result of an abnormal newborn 
hearing screening for both ears. At two months of age, she underwent 
ABR testing using click stimuli which showed mild hearing loss in the 
right ear and mild to moderately-severe hearing loss in the left ear 
(Fig. 1A). Wave I, III, and V were identified at stimulus intensity >40 dB 
HL, which shifted in latency with increasing intensity of the stimulus; 
this favored a sensorineural hearing loss etiology rather than an auditory 
neuropathy spectrum disorder (ANSD) phenotype. Based on these ABR 
results, she was fitted with hearing aids. Behavioral Observation 
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Audiometry was performed from four months of age to nine months of 
age. During this time, minimum response levels suggested no poorer 
than a moderately-severe hearing loss bilaterally. At nine months of age, 
when a reasonably reliable conditioned response was established via 
Visual Reinforcement Audiometry (VRA), results indicated moderately- 
severe hearing loss bilaterally. This was a decrease in hearing sensitivity 
as compared to her original ABR. Follow-up ABR at 2 years of age 
indicated severe rising to moderately-severe hearing loss bilaterally, 
confirming the decrease in hearing sensitivity (Fig. 1B). Behavioral 
hearing evaluation via VRA continued to indicate stable moderately- 
severe hearing loss bilaterally for eight years. At eight years of age, 
the patient’s parents noticed decreased benefit with binaural hearing 
aids as the patient had a decline in spoken language and often removed 
her hearing aids. Prior to this decline, she was speaking in 2-to-4-word 
phrases. Repeat behavioral hearing evaluation suggested at least a 10- 
dB shift with now severe hearing loss from 250 Hz to 8 kHz bilaterally 
(Fig. 2). On otoscopy, both tympanic membranes were normal in 
appearance. Magnetic resonance imaging of the internal auditory canals 
and otic capsules bilaterally showed no abnormality. Due to her limited 
benefit with hearing aids, she underwent cochlear implant evaluation 
and subsequent bilateral simultaneous cochlear implantation surgery. 

Audiological evaluation was carried out at CI candidacy evaluation 
which included pure tone audiometry and tympanometry. Tympanom
etry revealed normal ear canal volume, static admittance, and tympa
nometric peak pressure, indicating typical middle ear function at each 
ear. Intraoperatively, at the time of implantation, ECochG was per
formed at the round window as previously described [12]. Briefly, 
needle electrodes (RhythmLink, Columbia, SC) were placed on the 
contralateral mastoid and forehead and were the reference and common 
electrodes, respectively. The recording electrode was a monopolar 
stainless steel facial nerve monitor probe (Neurosign 3602-00-TE, 
Magstim Co., Wales, UK). At the time of surgery and after induction of 
anesthesia, an ER3-14A foam insert (Etymotic, Elk Grove Village, IL) 
was placed into the external auditory canal of the ear being implanted. 
The ipsilateral ear was then prepped and draped with the foam insert 
secured in the ear canal by allowing the auricle to fold anterior over the 
foam insert. Special care was necessary to ensure that the sound tube 
was not crimped during the surgical preparation. As previously 
described, using a facial recess surgical approach [12], the bony over
hang over the RW recess was removed and the recording electrode was 
placed on the RW niche. Impedance levels on all electrodes were <16 
kOhms prior to the recording. ECochG recordings were performed using 
a clinical stimulation/recording device (Interacoustics Eclipse, Demark). 
A frequency sweep was performed with tone burst (0.25, 0.5, 1, 2 kHz at 
~100 dB SPL) stimuli which were delivered alternating in condensation 
and rarefaction starting phases, with 100 repetitions per phase. The rise 
and fall times are 1 ms and shaped by a Blackman window. For all fre
quencies, the recording epoch was 15 ms, starting 1 ms before stimulus 
onset, with a sampling rate of 20 kHz. A window isolating the ongoing 

portion of the response waveform was selected for a fast Fourier trans
formation (FFT) to evaluate the spectral characteristics of the response. 
Using the FFT, we evaluated the amplitudes of the significant responses 
at the first, second, and third harmonics across 250 Hz–2 kHz; this 
provided some insight as to the contribution of the cochlear microphonic 
(CM) and auditory nerve neurophonic (ANN) to the patient’s cochlear 
function. The ECochG-total response (ECochG-TR), a sum of the gross 
responsiveness of the cochlea, was then calculated by summing the 1st 
to 3rd harmonics across the four frequencies. The ECochG-TR for our 
patient was 6.8 dB re:1 μV. The response was dominated by the cochlear 
microphonic (Fig. 3); however, these responses were small compared to 
the average ECochG-TR of pediatric CI recipients [13]. There were also 
small ANN responses from 250 Hz to 2 kHz. No compound action po
tential (CAP) or summating potential (SP) was visualized at the tested 
frequencies, indicating minimal acoustically-evoked neural activity. 

After electrocochleography recording, slim perimodiolar electrode 
arrays (CI632; Cochlear Ltd., Lane Cove, Australia) were successfully 
fully implanted into both ears. Neural response telemetry (NRT) was 
used to measure eCAP thresholds. Values were recorded using Auto-NRT 
software and Custom Sound 5.1 EP Software. The NRT thresholds were 
found to fall within the normal, average dynamic range bilaterally 
(Fig. 4). She had an uncomplicated postoperative recovery and was 
discharged after 24 hours. She followed-up as per protocol for CI 
recipients. 

The patient underwent speech perception tests at 3-months post- 
activation. Given the patient’s language and developmental delays, a 
limited battery of speech-perception testing was obtained. Auditory- 
only speech-perception testing was completed using monitored live 

Fig. 1. The auditory brainstem response tracings 
recorded at (A) 2 months old and (B) 2 years old. 
Click stimuli were presented from 10 dB HL to 80 dB 
HL. Waves I, III, and V were present at >40 dB HL at 2 
months of age and these waves were only present at 
>70 dB HL at 2 years of age, suggesting a progression 
of the patient’s sensorineural hearing loss. The shift 
in latency with increasing intensity of the stimulus 
and identification of ear-specific thresholds with 
waves I–V suggest a sensorineural etiology for the 
hearing loss, rather than an auditory neuropathy 
spectrum disorder phenotype.   

Fig. 2. Pure tone audiometry preoperatively showing air conduction thresholds 
at cochlear implant candidacy evaluation. 
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voice stimuli at 60 dBA SPL (normal conversational level) in the bilateral 
condition and in quiet. Known one- and two-syllable vocabulary (e.g., 
cheek, toes, Daddy, shoulder, etc.), familiar phrases (e.g., change the 
diaper), and familiar questions (e.g., What color is your shirt?) were 
presented to the patient in the soundfield. Only one repetition per pre
sentation was permitted. The patient responded either by repeating the 
heard stimulus or pointing to the item/body part named. Of the 20 
words/phrases/questions presented, the patient responded to 18 (90% 
correct) of them. The patient’s mother also completed LittlEARS [14] 
and The Parents Evaluation of Aural/Oral Performance in Children 

(PEACH) [15] auditory questionnaires. LittlEARS consists of 35 ques
tions and the PEACH consists of 13 questions that assess a child’s 
auditory development. On the LittlEARS, the patient received a score of 
20/35, which was below the typical range for her chronological age, but 
within the typical range for children 20 months of age who have typical 
hearing. On the PEACH, the patient received a score of 50% in quiet, 
45% in noise, and an overall score of 47.5%. Overall, these scores reflect 
that the patient is below the typical range when compared to same-age 
peers who have typical hearing; however, these scores are in the typical 
range for children approximately 16 months of age who have typical 
hearing. These results must be evaluated in the context of our patient’s 
language and developmental delays. The patient wears the implants 
during all waking hours and has clearer speech, can speak in short 
phrases, and is learning new words (e.g., hippopotamus). She continues 
to have deterioration in vision emphasizing the importance of hearing as 
her main sense. 

3. Discussion 

This report describes the audiologic profile of a patient with an in
termediate form of PBD-ZSD. The salient finding on ECochG was a 
largely diminished CM amplitude without a CAP or ANN, suggesting a 
cochlear origin to the hearing loss. Importantly, the normal eCAP 
thresholds and the significant improvement in speech-perception per
formance after implantation indicates that the patient has a functional 
neural substrate. 

Although sensorineural hearing loss is frequently described with 
PBD-ZSD, the descriptions are primarily based on patients with a milder 
form of PBD-ZSD (i.e., Refsum disease) [16–18]. Phenotypically, hearing 
can range from normal hearing to profound sensorineural hearing loss in 
these patients. The onset of hearing loss in these patients is usually be
tween 10 and 30 years of age. The pathology described with this milder 
form has previously been considered to be related to both the central 

Fig. 3. Acoustically-evoked electrocochleography responses measured through the facial recess at the round window, prior to electrode insertion. Cochlear mi
crophonic responses are dominant with no compound action potential or summating potential, suggesting site of lesion distal to or at the level of the hair cell- 
auditory nerve synapse. 

Fig. 4. Neural response telemetry (NRT) threshold for both left (gray dotted 
line) and right (black line) ears recorded intraoperatively using the slim peri
modiolar electrode array, where e22 was the most-apical electrode and e1 was 
the most basal electrode. Thresholds were at normal levels across all electrodes. 
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nervous system and involvement of the inner ear structures [19,20]. 
Through the use of temporal bone pathology, Schuknecht [21] 
explained the hearing loss associated with this milder form of PBD-ZSD 
to be associated with cochleosaccular atrophy resulting in ~50% loss of 
cochlear neurons, while Nadol [22] showed that the primary lesion was 
degeneration of the first-order cochlear neuron in relation with atrophy 
of organ of Corti and stria vascularis. Vandana et al. were the first to 
report the audiologic profile in a child with mild PBD-ZSD and noted 
normal otoacoustic emissions and absent brainstem-evoked potentials, 
suggesting auditory neuropathy as the primary etiology for hearing loss 
[18]. No prior study has used ECochG, a near-field response, to under
stand the site of lesion in patients with PBD-ZSD. Understanding the site 
of pathology is critical as success with hearing interventions such as 
hearing aids and cochlear implants is dependent upon the site of lesion. 

A few recent studies [23–25] have used acoustically-evoked ECochG 
responses as potential markers to understand the site of lesion in patients 
with hearing loss. The SP, CAP, ANN, and dendritic potentials as 
measured from ECochG have previously been used as markers of distal 
neuronal injury [23,24]. For example, if there is evidence of neural 
activity on ECochG, the site of lesion is likely proximal to the inner hair 
cell-auditory nerve synapse. For our patient, there was a markedly 
decreased CM amplitude compared to normal subjects with absence of 
CAP and SP (Fig. 3). This supports the cochlear origin of hearing loss, 
where the site of lesion is likely at the level or distal to the hair 
cell-auditory nerve synapse. 

The site of the lesion being peripheral to the level of the auditory 
nerve is further supported by the patient’s success with cochlear im
plantation as demonstrated by the normal eCAP thresholds on NRT after 
implantation and the significant benefit obtained in speech perception 
after implantation. This again suggests that the pathology is not at the 
level of the auditory nerve or central auditory pathways but rather at the 
level of the hair cells and/or synapse with the afferent fibers. The lack of 
an ANSD pattern on ABR testing further support a site of lesion similar to 
that reported by Schuknecht [21] and Nadol [22] rather than that 
described as ANSD by Vandana et al. [18]. Clearly, differences in 
PBD-ZSD severity between their patient and our may explain these 
observations. 

Early identification of hearing loss in patients with PBD-ZSD is crit
ical as these patients have progressive vision loss and anosmia and are 
reliant on hearing as their main sense [3]. This is especially important in 
children as it can compromise pre- or post-lingual language acquisition. 
Management of hearing loss in these patients is focused on restoring 
compromised auditory processing which may be either through hearing 
aids, alternative forms of communications such as cued speech or sign 
language, or by cochlear implantation. Three previous reports have 
described benefit of cochlear implantation in adult patients with mild 
PBD-ZSD (age range, 59–65) and all patients showed better speech 
perception performance and quality of life after implantation [26–28]. 
The type of hearing loss was never characterized in these previous re
ports. Currently, there is no evidence regarding benefits of cochlear 
implantation in patients with moderate to severe forms of PBD-ZSD. This 
case report provides some support for bilateral cochlear implantation in 
patients with this rare condition. 

4. Conclusion 

This report highlights the cochlear-neural site of lesion for hearing 
loss in this patient with moderate PBD-ZSD and the significant benefit 
that cochlear implants can provide for this pathology. Early cochlear 
implantation may be considered in these patients as this is likely to lead 
to a dramatic improvement in quality of life, particularly when hearing 
loss is combined with deterioration in vision. Future studies should 
continue to characterize the hearing loss using ECochG in addition to 
pure tone audiometry, tympanometry, and ABR for accurate diagnosis in 
these patients. This has the potential to improve management and in
terventions related to hearing loss and thus improving quality of life. 
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