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                        Original Article    

 Auditory processing defi cits in individuals with primary 
open-angle glaucoma          

    Gary     Rance  ∗  ,       Fleur     O ’ Hare  †  ,       Stephen     O ’ Leary  ∗  ,       Arnold     Starr  ‡  ,       Anna     Ly  ∗  ,       Belinda     Cheng  ∗  ,       Dani     Tomlin  ∗  ,       
Kelley     Graydon  ∗  ,       Donella     Chisari  ∗  ,       Ian     Trounce  †    &        Jonathan     Crowston  †   

  ∗  Department of Otolaryngology, University of Melbourne, Victoria, Australia  ,     †Centre for Eye Research Australia, Department of Ophthalmology, 
University of Melbourne, Victoria, Australia  ,   ‡  Department of Neurology, University of California, Irvine, California, USA                              

 Abstract 
  Objective:  The high energy demand of the auditory and visual pathways render these sensory systems prone to diseases that impair mitochondrial function. Primary open-angle 

glaucoma, a neurodegenerative disease of the optic nerve, has recently been associated with a spectrum of mitochondrial abnormalities. This study sought to investigate auditory 

processing in individuals with open-angle glaucoma.  Design/Study sample:  Twenty-seven subjects with open-angle glaucoma underwent electrophysiologic (auditory brainstem 

response), auditory temporal processing (amplitude modulation detection), and speech perception (monosyllabic words in quiet and background noise) assessment in each ear. 

A cohort of age, gender and hearing level matched control subjects was also tested.  Results:  While the majority of glaucoma subjects in this study demonstrated normal auditory 

function, there were a signifi cant number (6/27 subjects, 22%) who showed abnormal auditory brainstem responses and impaired auditory perception in one or both ears.  Conclusions:  
The fi nding that a signifi cant proportion of subjects with open-angle glaucoma presented with auditory dysfunction provides evidence of systemic neuronal susceptibility. Affected 

individuals may suffer signifi cant communication diffi culties in everyday listening situations.   
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 The auditory and optic nerves are involved in several genetic 

disorders of mitochondrial function including autosomal dominant 

optic atrophy, Mohr-Tranebjaerg syndrome, and Lebers hereditary 

optic neuropathy (Weiller  &  Ferbert, 1990; Tranebjaerg et al, 1995; 

Ceranic  &  Luxon, 2004; Amati-Bonneau et al, 2008; Huang et al, 

2009). Glaucoma is a neurodegenerative disease of the optic nerve 

characterized by the degeneration of retinal ganglion cells and their 

axons, resulting in permanent vision loss if left untreated. The inci-

dence and prevalence of the disease increases with increasing age 

and affects up to 10% of individuals over 80 years (Wensor et al, 

1998). Primary open-angle glaucoma is the most common form of 

disease and is diagnosed following clinical evaluation of the ante-

rior segment of the eye with specifi c confi rmation that the angle or 

area where aqueous fl uid drains out from the eye is unobstructed 

(Weinreb  &  Khaw, 2004). There is accumulating evidence that primary 

open-angle glaucoma may result from increased neuronal suscepti-

bility to oxidative stress which may be consequent to mitochondrial 

dysfunction (Jarrett et al, 2008; Kong et al, 2009). Abu-Amero and 

colleagues examined the entire mitochondrial coding sequence in 

a cohort of primary open angle glaucoma patients and reported 

high levels of mitochondrial DNA changes compared to controls 

(Abu-Amero et al, 2006).   

 Several studies have investigated the possibility that the neu-

ronal vulnerability observed in the visual systems of glaucoma 

patients may also manifest in the auditory pathway (Shapiro et 

al, 1997; Kremmer et al, 2004). However, the focus of these stud-

ies has been on the threshold of sound detection which may be 

normal when percepts dependent on temporal or spectral acoustic 

cues are disrupted (Starr et al, 1991, 1996). For example, recent 

work from our laboratory in a cohort of patients with Friedreich 

ataxia (a mitochondria-based disorder affecting multiple sensory 

and motor systems) found hearing threshold levels within the nor-

mal audiometric range (i.e. sound detection  �  20 dB HL) in indi-

viduals with severely disordered neural conduction in the central 

auditory pathways (Rance et al, 2008, 2010a). Electrophysiologi-

cal testing in these cases revealed distorted or absent potentials 

from the cochlear nerve and auditory brainstem consistent with a 

disruption of the synchrony of neural signals in the auditory path-

way. These patients manifested elevated thresholds for detecting 

rapid changes in auditory signals such as brief gaps in noise and 

amplitude modulations in continuous sounds. Furthermore, speech 

understanding, which is dependent on the precise representation 

of brief timing cues, was severely disrupted such that, in every-

day listening conditions (moderate levels of background noise) 
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fi bre layer, presence of peripapillary atrophy, and the presence of 

optic disc haemorrhages. Table 1 shows key differences between 

subject groups on measures of visual function. 

 Monaural auditory brainstem response (ABR) testing was 

undertaken for each subject using an AUDERA evoked poten-

tial system. The test stimuli were 100  μ s rarefaction polarity, 

acoustic clicks presented at 90 dBnHL. Stimulus presentation 

rate was 33.1 Hz. Samples of electroencephalographic (EEG) 

activity following 2000 stimuli were averaged and at least two 

separate averages were recorded for each stimulus condition to 

defi ne response repeatability. Analysis of the averaged activity 

was completed independently (post-assessment) by two audiolo-

gists experienced in ABR waveform interpretation. Measures of 

absolute and inter-peak latencies for Waves I, III  &  V were made. 

The examiners were blinded as to the subject group (glaucoma/

control) of each participant. 

 Auditory temporal resolution was assessed using a task which 

sought the threshold for detection of sinusoidal amplitude modu-

lation (AM). Each subject was presented with strings of 500-ms 

duration background signals and trained to respond when (s)

he perceived a group of three target stimuli randomly inserted 

into the sequence (see Rance et al 2010a, for details). The 

background signals were broadband noise bursts. The modulated 

(target) stimuli were generated by multiplying the noise burst 

with a DC-shifted sine wave. Depth of modulation (20 logm) 

varied from 0 to  �  30 dB (in  �  3 dB increments). The rate of 

modulation was fi xed at 150 Hz and the presentation level for 

all of the stimuli (background and targets) was randomly var-

ied between 82 dB SPL and 88 dB SPL to minimize the pos-

sibility that targets could be identifi ed via loudness differences. 

This presentation range allowed a sensation level of at least 

35 dB (re: 4-frequency average hearing level) in each of the 

test ears. Discrimination threshold was the minimum modula-

tion depth at which the subject could detect the AM on 70% of 

occasions. 

 Open-set speech perception ability was assessed using recorded 

monosyllabic  consonant-nucleus-consonant  (CNC) words pre-

sented to the test ear at 85 dB SPL (rms). The stimuli were pre-

sented in two conditions: with the speech stimuli were presented 

alone; with a competing noise (four-talker babble) presented at 

the same level as the speech (i.e. 0 dB signal-to-noise ratio) to 

replicate challenging everyday-listening conditions. The sub-

ject ’ s response to each word was phonetically transcribed and 

the percentage of phonemes (speech sounds) correctly imitated 

was calculated.   

 Results 

 Preliminary analyses comparing the fi ndings for high tension 

(N  �  17) and normal tension (N  �  10) glaucoma subjects revealed no 

group difference on any of the experimental measures in this study 

Abbreviations

  ABR Auditory brainstem response      

  AM Amplitude modulation      

  Table 1. Visual characteristics for glaucoma and control subject groups.  

 Controls Mean  �  standard deviation  Glaucoma Mean  �  standard deviation 

 Clinical characteristic N  �  27 per group  Right eye  Left eye  Right eye  Left eye 

Visual acuity (LogMAR) 0.02   �   0.23 0.0   �   0.24  � 0.08   �    � 0.30 0.02   �   0.02

Visual fi eld mean defect (decibels)  � 0.52  �  1.41  � 0.63  �  1.12  � 6.15  �  8.31  � 7.3  �  9.20

Visual fi eld pattern sensitivity deviation (decibels) 1.57  �  0.56 1.55  �  0.59 4.85  �  4.28 6.06  �  4.80

Average retinal nerve fi bre layer thickness (microns) 95.35  �  11.09 92.56  �  11.44 72.13  �  19.15 64.73  �  14.12

many individuals obtained little or no useful auditory informa-

tion and were forced to rely upon visual cues (lip-reading etc.) to 

communicate (Rance et al, 2010b). These fi ndings are consistent 

with the diagnosis of  ‘ auditory neuropathy’   due to both neural and 

synaptic disorders of the auditory nerve (Starr et al, 1991; Rance 

et al, 2004; Zeng et al, 2005).   

 The possibility of auditory neuropathy and its perceptual conse-

quences has not been specifi cally examined in subjects with glau-

coma. The primary aim of this study, therefore, was to investigate 

auditory neural function, basic auditory processing, and speech 

perception ability in a group of subjects with primary open-angle 

glaucoma. Findings were compared with those obtained from a 

cohort of age, gender, and hearing level matched individuals in 

whom the presence of glaucoma had been excluded.  

       Materials and Methods 

 Subjects were recruited from the Glaucoma Clinic at the Royal 

Victorian Eye and Ear Hospital. We included only patients with 

no self reported history of ear or vestibular disease. Preliminary 

audiometric screening was also undertaken and only those indi-

viduals with sound detection at levels  �  40 dB HL at each audio-

metric frequency participated. Candidates with sound detection 

beyond this limit were excluded as reduced access to the audi-

tory test stimuli may have confounded the experimental fi ndings 

(Yellin et al, 1989). 

 Twenty-seven individuals (16 female) with open-angle glaucoma 

took part in the study. Mean age for this group was 57.1  �  9.8 years 

at assessment. Presence of glaucoma was defi ned by characteristic 

optic-nerve head morphology (rim loss and corresponding retinal 

nerve fi bre layer and visual fi eld loss) in the presence of open iri-

docorneal drainage angles. Tonometry revealed elevated intraocular 

pressure ( �  21 mmHg) in 17 of the subjects. The remaining 10 par-

ticipants had normal tension glaucoma. 

 A cohort of control participants matched for age, gender, and 

hearing level were also recruited for the study. In each case, the 

age match was within 12 months of a glaucoma counterpart and 

4-frequency average hearing level was within 5 dB. Mean age for the 

control group was 58.8  �  8.8 years. These participants were typically 

recruited from general ophthalmic clinics at the Royal Victorian Eye 

and Ear Hospital where each underwent a full eye exam including 

dilated fundoscopy, visual fi eld analysis, and digital imaging of the 

optic nerve to exclude glaucoma. Optic nerve assessment included 

evaluation of optic disc size, neuroretinal rim shape, retinal nerve 



12 G. Rance et al.

(P  �  0.05). Results for both glaucoma sub-groups, were however, 

signifi cantly poorer than those of their matched controls. As such, 

fi ndings for all the glaucoma subjects (N  �  27) were pooled for the 

following analyses.  

 Auditory brainstem response 
 Auditory brainstem responses were recordable in each of the indi-

viduals who participated in the study. Mean ABR peak latencies 

for the glaucoma and control groups are shown in Table 2. Paired 

T-tests showed no difference in wave I and wave III latency between 

groups (P  �  0.05) although there was a trend towards longer wave III 

latencies in the glaucoma subjects. Mean latency for wave V was sig-

nifi cantly longer for the glaucoma cohort (P  �  0.005) than matched 

controls. These differences can be seen in Figure 1 which shows the 

composite waveforms based upon averaged responses from subjects 

in the two groups. 

 ABR interpeak latency (wave I-V) was also prolonged in the 

glaucoma group (P  �  0.01). The distribution of wave I-V inter-

peak values for each of the glaucoma subjects is shown in Figure 

2. These fi ndings suggest that while neural transmission in the 

auditory nerve and brainstem was relatively normal for most glau-

coma cases, 7/54 ears (13%) (six different subjects) did show sig-

nifi cantly prolonged latencies. Each of these individuals showed 

prolonged latencies bilaterally with inter-aural I-V latency differ-

ences  �  2 msec. Findings for this subgroup with  ‘ abnormal-ABR ’  

(represented in Figure 2 by unfi lled data points) are considered 

separately in subsequent analyses.   

 Amplitude modulation detection 
 Detection of rapid amplitude changes was signifi cantly poorer for 

subjects with glaucoma (P  �  0.005). Mean AM detection thresh-

old for the glaucoma group was  � 11.7  �  2.8 dB (26.1% of the 

maximum amplitude), and for the matched controls was  �  14.0  �  4.0 

dB (19.9%). This difference is demonstrated in Figure 3 where detec-

tion threshold was beyond the 95% confi dence range in 22/54 (41%) 

of glaucoma cases. Findings for those subjects with  ‘ abnormal-ABR’   

were all below the normal performance limit. Mean threshold for 

this group ( � 9.9  �  2.3 dB) was signifi cantly poorer than for their 

matched controls ( � 14.5  �  4.0 dB) (P  �  0.01) and also signifi cantly 

worse than for the glaucoma subjects with normal ABR ( � 12.0  �  2.8) 

(P  �  0.05).   

 Speech perception 
 Open-set speech perception ability in quiet was equivalent in the 

glaucoma and control cohorts, with both groups able to correctly 

identify and imitate almost all of the target phonemes. Mean CNC-

score for the glaucoma group was 94.4  �  8.1% and for the control 

group was 94.6  �  5.5% (P  �  0.05). Mean CNC score for subjects 

in the  ‘ abnormal-ABR ’  group (96.3  �  92.6%) was equivalent to 

that of their matched controls (95.3  �  2.8%) (P  �  0.05) and also 

equivalent to those glaucoma subjects with normal ABR (94.2  �  

8.6%) (P  �  0.05). 

 In contrast, perception of speech signals in the presence of back-

ground noise was signifi cantly poorer for the listeners with glau-

coma (P  �  0.005). Mean CNC phoneme score for the glaucoma 

group in this condition was 42.1  �  11.4% and for the matched 

controls was 47.8  �  10.9%. Figure 4 shows the distribution of 

phoneme scores for each of the glaucoma subjects. Subjects 

with  ‘ abnormal-ABR’   were typically amongst the poorest per-

formers. Mean phoneme score for this group (32.0  �  9.0%) was 

signifi cantly lower than for their matched controls (52.1  �  10.0%) 

(P  �  0.02), and for those glaucoma subjects with normal ABR 

(43.3  �  10.9%) (P  �  0.02).   

 Characterization of the abnormal-ABR group 
 There were no obvious clinical differences between those glaucoma 

subjects with abnormal ABR fi ndings and those glaucoma patients 

with normal brainstem potentials. Group results were equivalent 

on each of the visual measures (MD/PSD/NFL), indicating a 

similar degree of optic nerve dysfunction and there were no 

group differences for age, gender, or average hearing level 

(P  �  0.05).    

 Discussion 

 Despite enjoying essentially normal sound detection, a signifi cant 

proportion of the glaucoma subjects in this study showed abnor-

mal auditory nerve function and auditory processing defi cits con-

sistent with impaired representation of timing cues in the central 

auditory pathways. These data demonstrate that neuronal defi cits 

can exist outside of the visual pathways in primary open angle 

glaucoma. 

 Auditory neural function, as refl ected by auditory brainstem 

responses was in fact normal in most glaucoma subjects. Abso-

lute and interpeak latencies in these cases were consistent with 

those of age, gender, and hearing-level matched controls. Six of 

the 27 glaucoma participants (22%) did however, show evidence 

of auditory neuropathy in one or both ears. While the latency of 

wave I (which refl ects the action potential of the auditory nerve) 

was typically normal in these glaucoma cases, response latencies 

for subsequent waves (particularly wave V) were signifi cantly 

increased. This result pattern, which is consistent with a disorder 

of the axonal component of the auditory nerve, has been reported 

previously in subjects with mitochondria-related auditory neu-

ropathies (Mondelli et al, 1990; Funalot et al, 1999). 

 Detection of rapid amplitude modulation was also disrupted in 

the subjects with glaucoma. In this case a higher proportion of sub-

jects ( �  40%) fell outside the 95% performance range, but those 

individuals with abnormal ABRs tended to show the greatest per-

ceptual defi cit. This fi nding suggests that the central auditory path-

ways of affected glaucoma listeners have either impaired processing 

  Table 2. ABR fi ndings to rarefaction polarity clicks at 90 dBnHL.  

 Subject group  Latency wave 1  Latency wave III  Latency wave V  Interpeak Latency (I-V) 

Glaucoma (N  �  54 ears) 1.48  �  0.17 3.68  �  0.14 5.65  �  0.25 4.17  �  0.32

Control (N  �  54 ears) 1.47  �  0.12 3.63  �  0.19 5.52  �  0.22 4.04  �  0.15

Glaucoma v Control NS (P  �  0.05) NS (P  �  0.05) P  �  0.005 P  �  0.01
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effi ciency (an inability to detect level changes) or a specifi c defi -

cit in the capacity to encode brief timing cues (Viemeister, 1979). 

The precise mechanisms underlying this disruption are unknown, 

but the abnormal electrophysiologic fi ndings point to a disruption 

in the effi ciency of neural fi ring which could, in turn, have led to 

a  time-smeared representation of the acoustic stimuli (Zeng et al, 

2005). We have reported similar defi cits in subjects with auditory 

neuropathies associated with other forms of mitochondrial condi-

tion (Starr et al, 1996; Rance et al, 2010a). This is the fi rst report of 

temporal auditory processing abnormality in glaucoma. 

 Accurate neural representation of timing cues is crucial for 

speech perception. In order to understand running speech, or even 

discriminate sounds within individual words, a listener must per-

ceive the rapid changes that give cues to co-articulation (Rance 

et al, 2008). For example, perception of acoustic cues lasting only 

tens of milliseconds (that is, of a similar order to the cues avail-

able in the 150-Hz AM detection task) are essential for discrimi-

nation of brief consonants. Previous studies involving listeners 

with severe temporal processing disorders have shown evidence 

of this level of signal distortion (Rance et al, 2008, 2010a). The 

fi nding that speech understanding (in quiet) was normal for the 

glaucoma subjects in this study (even those with abnormal ABR) 

indicates a lesser degree of disruption. This is not to suggest 

however, that they were unimpaired, as speech perception in back-

ground noise was signifi cantly depressed in a signifi cant number 

(approximately 20%) of the glaucoma subjects. Once again those 

individuals with prolonged neural conduction and abnormal tem-

poral processing were amongst the most affected. 

 The link between auditory temporal processing defi cit and 

speech-in-noise diffi culties is well established (Zeng et al, 2006; 

Rance et al, 2008) although the mechanisms involved remain 

unclear. One possibility is that subtle signal distortions, that 

can be compensated for by linguistic and other redundancies in 

the speech signal in optimal listening conditions, become more 

apparent in the presence of background noise. Another is that 

affected listeners may suffer timing-specifi c masking effects. Zeng 

et al (2005) for example, have shown that temporal processing 
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  Figure 3.     AM detection threshold plotted as a function of age 

for each of the glaucoma subjects (N  �  54 ears). The shaded area 

represents the 95% performance range for the control group. The 

fi lled data points represent those glaucoma ears with  ‘ normal ’  ABR 

I–V interpeak latency and the open points represent those ears with 

signifi cantly prolonged neural conduction.  
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  Figure 4.     CNC-phoneme score (0 dB signal-to-noise ratio) plotted 

as a function of age for each of the glaucoma subjects (N  �  54 ears). 

The shaded area represents the 95% performance range for the control 

group. The fi lled data points represent those glaucoma ears with 

 ‘ normal ’  ABR I–V interpeak latency and the open points represent 

those ears with signifi cantly prolonged neural conduction.  
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  Figure 2.     ABR wave I–V interpeak latencies plotted as a function 

of age for each of the glaucoma subjects. Each data point shows 

the result for an individual ear (N  �  54). The shaded area represents 

the 95% confi dence range based on fi ndings for the control group. 

As such, the fi lled data points represent those glaucoma ears with 

 ‘ normal ’  I–V interpeak latency (N  �  47) and the open points represent 

those ears with signifi cantly prolonged neural conduction (N  �  7).  

  Figure 1.     ABR recordings to acoustic stimuli at 90 dBnHL. The top 

tracing shows the combined waveform for the 27 glaucoma subjects 

(54 ears). The second trace is the combined response for the 27 

controls (54 ears).  
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defi cit can affect the ability to separate sounds occurring suc-

cessively. This could limit a listener ’ s capacity to use the brief 

quiet periods in fl uctuating background noise to access the speech 

signal. Whatever the underlying causes, the results of this study 

indicate that at least some individuals with glaucoma suffer 

functional hearing diffi culties suffi cient to impair communication 

in everyday circumstances (Crandell  &  Smalldino, 2000). 

 The pattern of auditory defi cits obtained for glaucoma patients 

in this study resembles that described previously for visual pro-

cessing in open-angle glaucoma. In both modalities, detection of 

sensory inputs appears less affected than higher-level processing. 

In the visual pathway for example, light detection in the periph-

eral field is reduced later than perception of rapid movement 

(Tyler, 1981). Similarly, for those subjects in this study with 

auditory neural disruption, processing of rapidly changing or 

complex (speech) sounds was impaired despite normal or near-

normal sound awareness. Furthermore, consistent with our audi-

tory results, visual psychophysical testing in glaucoma patients 

has suggested that a loss of temporal resolution may underlie 

functional deficits (Trick et al, 1995; Shabana et al, 2003). 

 The presence of auditory processing limitations in some individu-

als with open-angle glaucoma strongly supports a systemic neuronal 

susceptibility. The pathophysiology underlying this susceptivity is 

unclear, but defective mitochondrial function (which can lead to 

both optic and auditory neuropathies; Abu-Amero et al, 2006; Rance 

et al, 2008) and which has been implicated in glaucoma (Abu-

Amero et al 2006; Jarrett et al, 2008; Kong et al, 2009) is one 

possibility. Similarity with AN in other established mitochondrial 

neuropathies further supports the possibility of mitochondrial 

dysfunction in a subset of optic neuropathies (Cacace  &  Pinheiro, 

2011). Our results suggest that further study of mitochondrial 

function in glaucoma is warranted. 

 The clinical implication of these fi ndings is that individuals 

with one form of known sensory neuropathy may have unde-

tected deficits in other modalities and that these may signifi-

cantly impair an individual ’ s ability to communicate. As it is 

well established that combined visual/auditory impairment can 

have significant cumulative effects on functional status, inde-

pendence, and well-being in patients if unrecognized (Chia et al, 

2006), screening tests to detect these deficits should be routinely 

considered.          
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Ministry for Health, the Elderly and  
Community Care – MALTA 

 
MATER DEI HOSPITAL, TAL-QROQQ 

Acute General and University Teaching Hospital 

Audiologists on contract basis 
The Ministry for Health, the Elderly and Community Care, Malta, is inviting applications for the position of Audiologists on contract basis. Engagement will be for a fixed 
term contract of 3 years. Experience in cochlear implants is essential.  
 
Mater Dei Hospital is an 850 bed hospital and is the only state-run acute care hospital in Malta.  It incorporates an accident and emergency department, intensive 
therapy unit, inpatient wards, surgical theatres and out-patient clinics.   
 
The Maltese archipelago (consisting of the islands of Malta, Gozo and Comino) is situated in the middle of the Mediterranean Sea.  Malta is an independent republic and 
has been a member of the European Union since 2004.  The local population numbers 400,000; added to this is a significant tourist population which peaks in the 
summer months.  The island enjoys a pleasant, mild climate throughout the year.  The islands host a variety of cultural, musical and art events and a wide range of 
sports and maritime activities can be enjoyed all year round, particularly scuba diving, windsurfing and yachting. Malta and Gozo are dotted with several historical and 
international heritage sites.   
 
Applicants should be in possession of a recognized Bachelor’s degree or higher, or a recognized comparable qualification, in Audiology from a European Union Member 
State. As part of a team, he/she will be expected to contribute towards delivering a high standard of service in Audiology.  The selected applicant will need to have good 
written and spoken English language skills.  At the end of the first year of the contract, a successful applicant would be required to provide evidence in basic proficiency 
of the Maltese language at the end of this period. 
 
The post carries a yearly gross remuneration of Euros 23,989   
Work Monday to Friday 7.30 am – 3.00 pm and Alternative Saturdays 7.30 am – 12.30 pm 
 
Closing date for applications: 27th of January, 2012 
 
Please send one copy of your CV and a letter of application to: 
Mr Michael Deguara, Assistant Director, Human Resources Department,  
6, Harper Lane, Floriana  FRN 1940, Malta. 
Telephone No. 00356 2122 5622 
Fax No. 00356 2122 6285 
E-mail: recruitmenthealth.mhec@gov.mt 
 

 




