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Abstract 

Binaural processing refers to the ability to interpret and assign meaning to sound by the 

auditory nervous system, especially speech. A person with deficits in binaural processing might 

present with hearing difficulties (HD), such as trouble understanding speech in the presence of 

background noise. Mild traumatic brain injuries (mTBI) can have a negative effect on binaural 

processing, with patients often perceiving HD despite a diagnosis of clinically ‘normal hearing.’ 

HD can lead to feelings of isolation, mental health concerns (e.g., depression, anxiety), and have 

an overall negative impact on quality of life. Therefore, the purpose of the present study was to 

assess binaural processing abilities in the adult mTBI population.  

This study compared performance on a binaural processing test battery between adults 

without a history of mTBI (control group) and adults with a history of mTBI (experimental 

group). Adults ages 19-63 years participated. The impact of mTBI-related HD on quality of life 

was assessed with the Hearing Handicap Inventory for Adults and the Adult Auditory 

Performance Scale. Self-perceived communication difficulties were assessed with the LaTrobe 

Communication Questionnaire and Cognitive Difficulties Scale. The binaural processing test 

battery included: (1) dichotic word recognition (DWR); (2) 500-Hz masking level difference 

(MLD); and (3) the Listening in Spatialized Noise-Sentences (LiSN-S) test. Listening effort was 

recorded after each measure using the self-administered National Aeronautics and Space 

Administration Task Load Index rating scale.  

Results demonstrated that adults with mTBI perceived significantly greater degrees of 

HD and listening effort than the control group. There were no significant differences between the 

groups on any of the LiSN-S or DWR conditions. In contrast, the mTBI group performed 

significantly poorer than the control group on the SπN0 condition of the MLD test. The poorer 
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thresholds of the mTBI group in the SπN0 condition are evidence of deficits in binaural 

processing that align with self-perception of hearing. It is likely that the large age range and 

variability in performance masked potential differences at group level on the other binaural 

measures. At the individual level, 44.4% of mTBI participants performed abnormal on at least 

two of the binaural processing conditions. Significant relationships were observed between 

performance on binaural processing measures, specifically the MLD and LiSN-S, and self-

perceived HD. Poor performance on these two binaural processing measures correlated with 

greater self-perceived HD as measured by the questionnaires. These correlations were driven by 

the mTBI group, because this group scored higher on the questionnaires (i.e., greater self-

perceived HD) and performed poorer on the LiSN-S and MLD (i.e., greater speech-in-noise and 

temporal processing deficits). 

The significance of this project extends into the clinical world because there is a current 

need for more attentiveness to the HD of mTBI patients. Comprehensive testing and referral 

methods that go beyond the standard hearing exam are necessary for these individuals in order to 

accurately diagnose binaural processing deficits secondary to mTBI. Identification and treatment 

of mTBI-induced HD may lead to improved outcomes for this population.  
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Chapter 1 

Introduction and Literature Review 

 

Traumatic Brain Injury 

A traumatic brain injury (TBI) is caused by external trauma to the skull that damages the 

neural connections in the central nervous system (CNS). A TBI causes neural pathways to stretch 

and shear, which can negatively affect the functions of the brainstem, thalamus, and cortex, as 

well as disturb synaptic and neural connections throughout the entire CNS (Papesh et al., 2018). 

External trauma resulting in a TBI includes, but is not limited to, motor vehicle accidents, falls, 

and assaults (Taylor et el., 2017). The prevalence of TBI is high, as there are more than 610 TBI-

related hospitalizations and 166 TBI-related deaths per day in the United States (CDC, 2021). 

These numbers are likely an underestimate, because they do not count for TBIs that are treated in 

primary care, urgent care, or those that go undiagnosed.  

The degree of severity of a TBI ranges from mild to severe. The most common type of 

TBI in civilians and military personnel is a mild TBI (mTBI). Mild TBIs account for 80 to 90 

percent of all TBIs (Skandsen et al., 2019). Mild TBIs are characterized by a loss or altered state 

of consciousness, amnesia lasting for less than 24 hours, mild neurological symptoms, and 

normal outcomes on standard imaging tests (Papesh et al., 2018). The label mild, however, is a 

misnomer. While a majority of mTBI symptoms typically resolve within three months post-

injury for some people (Mittenberg & Strauman, 2000), others have symptoms that are long-

lasting, and often severe and debilitating (Vander Werff & Rieger, 2019). Mild TBI symptoms 

include headaches, tiredness, diminished concentration, trouble sleeping, and/or heightened 

sensitivity to noise and light (Vander Werff & Rieger, 2019). People who have experienced a 
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mTBI also report symptoms of confusion or disorientation and loss of memory of events 

preceding or following the mTBI (National Center for Injury Prevention and Control, 2003). 

Because of these impairing and debilitating symptoms, many people who have sustained a mTBI 

are unable to return to their daily routines (e.g., work, school, activities) for many weeks or even 

months after their mTBI (National Center for Injury Prevention and Control, 2003).  

 

Binaural Processing & Traumatic Brain Injury 

Binaural processing refers to the central auditory nervous system’s (CANS) ability to 

interpret and assign meaning to sound, especially speech. The ability to comprehend and develop 

spoken language is reliant on the entire auditory system’s ability to process speech signals 

(Schow & Nerbonne, 2018). There are four levels to binaural processing: detection (i.e., is the 

sound present or absent?), discrimination (i.e., noticing the changes in the physical attribute of a 

sound), recognition (i.e., attaching a label to identify the sound), and lastly, comprehension 

(attach meaning to the stimulus; Schow & Nerbonne, 2018). If any part of the CANS pathway is 

damaged due to TBI, the processing of auditory stimuli may break down, leading to deficits in 

binaural processing.  

The most common binaural processing deficit caused by disruption in function of the 

CANS due to mTBI is difficulty understanding speech-in-noise. In a study done by Hoover et al. 

(2017), participants with and without a history of mTBI were compared based on their self-

perceived HD. The experimental (mTBI) and the control (non-mTBI) groups were matched for 

age and pure-tone thresholds. Hoover et al. found that 84% of listeners with a history of mTBI 

experienced self-perceived hearing difficulties (HD), specifically understanding speech-in-noise. 

In contrast, only 9% of control participants (no history of mTBI) reported experiencing HD in 
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noise. Further, the participants with a history of mTBI were more likely to score abnormally on 

tests measuring speech-in-noise abilities. When competing noise is present, the listening task 

becomes much more challenging in comparison to a listening task without background noise. 

Adults who have experienced a mTBI may have binaural processing deficits (e.g., speech-in-

noise deficits) caused by disruption in function of the CANS. Therefore, it is much harder for 

individuals with mTBI, compared to individuals without mTBI, to hear the intended signal (i.e., 

speech) when background noise is present. 

Another binaural processing deficit exhibited in adults who have experienced mTBI is 

deficits in competing speech, such as dichotic speech recognition. Binaural listening involves 

listening with both ears, and dichotic listening involves listening with both ears when two 

different stimuli are presented simultaneously. Dichotic listening can be broken down into two 

processes: binaural integration (i.e., the ability to process different acoustic stimuli presented to 

both ears at the same time) and binaural separation (the ability to process an acoustic stimulus in 

one ear, while ignoring a different acoustic stimulus in the other ear; McCullagh, 2013). 

Research suggests that auditory deficits due to TBI can manifest when you use binaural (i.e., 

using both ears) tests (Levin et al., 1989; Meyers et al., 2002). In everyday life, our auditory 

system uses the information gained from listening with both ears to maximize perceptual 

performance (Roup & Leigh, 2015). Binaural cues can help a listener localize sound and focus 

on the intended signal when background noise is present (Roup et al., 2020). Binaural processing 

begins at the superior olivary complex in the CANS. Due to the disruption of function in the 

CANS of adults who have sustained a mTBI, adults with a history of mTBI do not benefit as 

much from binaural cues as adults who have not experienced a mTBI. In a study conducted by 

Meyers et al. (2002), results showed that the more severe the TBI, the worse the performance 
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was on a dichotic listening task, because adults with TBI cannot utilize binaural cues as easily as 

adults without TBI. The control group (adults without a history TBI) performed significantly 

better on free recall conditions, as well as directed right and directed left conditions compared to 

the group of adults who had experienced a TBI.  

A person with binaural processing deficits due to mTBI will often exhibit a larger than 

normal right ear advantage on dichotic listening tasks. A right ear advantage occurs when speech 

perception ability is better for speech presented to the right ear than speech presented to the left 

ear. Speech stimuli are processed in the left hemisphere of the brain. Sounds going into the right 

ear will automatically cross over to the left hemisphere of the brain through the contralateral 

pathways of the CANS. Speech sounds going into the left ear will automatically cross over to the 

right hemisphere, and then need to cross the brain again to the left hemisphere to be processed. 

The corpus callosum is responsible for connecting the auditory cortex and auditory association 

areas of both hemispheres of the brain together. Aging and mTBI are factors that can interfere 

with the processing of stimuli presented to the left ear, leading to a larger than normal right ear 

advantage. Both aging and mTBI have been associated with declines in corpus callosum 

function, and it has been demonstrated that reduced efficiency of the corpus callosum negatively 

impacts dichotic listening performance for aging listeners (Jerger et al., 1995; Jeeves & Moes, 

1996; Wang et al., 2021). Therefore, it can be inferred that mTBIs can have a negative impact on 

dichotic listening. In a study done by Levin et al. (1989), results showed that patients who had 

experienced a moderate to severe TBI displayed a significantly greater right ear advantage than 

the control group when completing dichotic listening tasks.  

Temporal processing refers to how the brain processes acoustic stimuli across time. 

Temporal processing allows humans to identify important phonemic elements of speech. Deficits 
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in temporal processing could interfere with speech perception (Jain et al., 2020), and these 

temporal processing deficits begin to emerge following a mTBI due to the disruption in the 

function of the CANS. Masking level difference and gaps-in-noise tests are often used to assess 

temporal processing. The masking level difference (MLD) is the difference threshold at which 

one can identify a signal (i.e., tone or speech) in the presence of noise when either the noise or 

the signal is out of phase between ears. Release from masking occurs when the interaural 

parameters of the signal are different from the interaural parameters of the noise, making the 

signal easier to process. The auditory system of adults with a history of mTBI is less efficient at 

extracting and utilizing the interaural phase cues given when the phase of a signal is manipulated 

between ears, which might cause the mTBI population to have a smaller than normal MLD (e.g., 

7-8 dB; Wilson et al., 2003). The inability to benefit from interaural phase cues is attributable to 

the trauma that the CANS sustains from the mTBI, which causes deficiencies in binaural 

processing (i.e., temporal processing deficits). A study done by Gallun et al. (2017) focused on 

hearing complaints among veterans following a mTBI. MLD thresholds of 46 veterans with 

mTBI were measured, and 30% of those veterans performed abnormally on the MLD test. The 

ability to take advantage of a phase difference in the signal between ears helps a person to 

localize sound and focus on the signal when noise is also present. Because temporal processing is 

negatively impacted due to CANS dysfunction following mTBI, interaural phase cues are not as 

easily accessible to the mTBI population as they are to people without mTBI.  

 

Self-Perceived Hearing Difficulties as a Result of mTBI 

Hearing difficulties (HD), as defined by Tremblay et al. (2015), refer to a hearing 

problem that causes one to experience difficulties communicating in restaurants, difficulties 
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understanding a conversation when multiple people are speaking, difficulty listening when being 

talked to in a large group, and a frequent complication when trying to understand others (2015). 

HDs are not determined by pure-tone threshold testing, but rather by self-assessment 

questionnaires. There is a wide spectrum of possible causes for HD. These difficulties could be 

attributable to genetics, neurological disorders, complications during pregnancy/childbirth, 

development of CANS, delay in access to speech, chronic childhood ear diseases, and TBIs 

(Martin & Clark, 2012).  

 HDs are a common symptom associated with a mTBI. One of the consequences of mTBI 

is disruption within the CNS. This CNS damage is most likely to negatively affect the frontal and 

temporal lobes (Mioni et al., 2014). The temporal lobe, which houses the auditory cortices and 

the auditory brainstem, is the area of the brain essential to the processing of auditory information 

(Papesh et al., 2018). Therefore, damage to the temporal lobe because of mTBI can impair 

structures that are important for binaural processing, and consequently result in HD. Some 

common HDs in the adult TBI population include the inability to keep track of a conversation, 

slower binaural processing speed, and difficulty listening in noisy environments (Bergemalm & 

Lyxell, 2005). 

When left undiagnosed and untreated, HDs can cause struggles communicating in many 

environments including the workplace, restaurants, family gatherings, etc. HDs can have 

negative effects on quality of life such as loss of self-esteem, lack of music appreciation, and 

social problems (Baran, 2002). Comorbidity of HD is extremely common with disorders of 

language, attention deficit disorders, psychological disorders, emotional disorders, and 

especially, neurological CANS disorders associated with TBI (Baran, 2002).  
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The prevalence of the population of adults with self-perceived HD, especially those with 

a history of mTBI, is likely underestimated (Roup et al., 2020) due to the insensitivity of the 

standard hearing exam. There are several studies that demonstrate the link between mTBI and 

HD. In a case study reported by Roup et al. (2020), a 58-year-old woman presented with 

considerable self-perceived HD (e.g., sensitivity to loud sounds and difficulty hearing in the 

presence of background noise) following a mTBI. Sounds that most people reported as 

moderately loud, the patient with mTBI reported as consistently loud. As a matter of fact, the 

patient reported every sound listed on the Hyperacusis Questionnaire as too loud. These sounds 

ranged from everyday noises (e.g., a vacuum cleaner) to background tunes (e.g., music in a 

grocery store). She scored a 96 out of 100 on the Hearing Handicap Inventory for Adults 

(HHIA). A higher score on the HHIA indicates greater self-perceived hearing handicap than a 

lower score does, with a score of 100 equaling the most self-perceived hearing handicap and a 

score of zero equaling the least amount of self-perceived hearing handicap. On the SCAN 3:A, 

the patient exhibited abnormally low performance (in the fifth percentile) on competing words 

(i.e., binaural integration). Her poor gap detection abilities in the left ear on the Gaps-in-Noise 

test correlated with possible deficits when trying to understand speech in noisy environments 

(Roup et al., 2020). However, the participant’s hearing exam revealed normal pure-tone hearing 

and normal speech understanding in quiet. The patient expressed that her HD impacted her daily 

life to a point that she was skipping church, family events, eating at restaurants, and just being in 

large groups in general. This emotional distress due to HD led her to feel isolated and deprived 

of quality of life (Roup et al., 2020).  

 Oleksiak et al. (2012) focused on HD specifically among veterans. All the veterans that 

participated in the study had a history of mTBI, including mTBI that resulted from blast-
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explosion related incidents. Oleksiak et al. found that 87% of the participants (n=240) reported 

some level of HD, and those with a blast-related mTBI reported greater concerns of HD. The 

veteran participants overall reported a moderate level of hearing disturbance in their daily lives, 

with 40.4% reporting moderate disturbance, 24.2% reporting severe, and 3.3% reporting very 

severe (Oleksiak et al., 2012). These numbers are alarming evidence of the prevalence of mTBI-

related HD among adults.  

 In a more recent study done by Vander Werff and Rieger (2019), they examined HD in 

32 individuals who had experienced one or more mTBIs and compared the statistics to the 

control group (no history of mTBI). On all self-report questionnaires, the mTBI group reported a 

higher number of HD than the control group. The areas that the mTBI group reported the most 

difficulty in were hearing in background noise and hearing rapid or muffled speech. The mTBI 

group also reported extreme sensitivity to loud sounds. On other self-assessment questionnaires 

measuring cognitive abilities, the mTBI group scored higher than the control group on memory 

tasks that involve listening, paying attention when others are speaking, and word-finding 

(Vander Werff & Rieger, 2019). A high score on these cognitive questionnaires indicates greater 

self-perceived difficulty than a lower score does. 

 

The Problem with the Standard Hearing Exam 

Binaural processing is accomplished in structures of the CANS, however, the standard 

hearing exam primarily reflects function of the peripheral auditory system. Therefore, adults with 

a history of TBI have been known to have self-perceived HD, despite normal outcomes on a 

standard hearing exam (e.g., ‘normal hearing’; Roup et al., 2018). Because the standard hearing 

exam does not directly assess binaural processing, it is important to integrate a behavioral test 
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battery into routine assessment to validate a patient’s subjective HD, and in turn, increase their 

quality of life. The test battery in this study utilized binaural measures to assess multiple aspects 

of a listener’s binaural processing abilities, such as the ability to interpret a speech signal in the 

presence of competing background noise (Roup et al., 2020), dichotic listening, and MLD. HDs 

can manifest themselves in a variety of different ways in each individual, so it is crucial to have a 

diverse and well-rounded test battery when assessing binaural processing (Gallun et al., 2017).  

 

Research Questions 

The purpose of this study was to examine the impact of mTBI on binaural processing in 

adults with normal hearing. The study attempted to answer two questions regarding binaural 

processing in adults with and without a history of mTBI, including: 

1. Do adults with a history of mTBI have poorer binaural processing performance than 

adults without a history of mTBI? 

2. Do adults with a history of mTBI perceive greater hearing and communication 

difficulties than adults without a history of mTBI? 

 

Hypotheses 

 It was hypothesized that participants with a history of mTBI would score higher (i.e., 

greater self-perceived HD) on the subjective hearing questionnaires than the control group 

without a history of mTBI. The second hypothesis was that participants with a history of mTBI 

would perceive greater listening effort than adults without a history of mTBI. Lastly, it was 

hypothesized that participants with a history of mTBI would perform significantly poorer on 

binaural processing measures than the adults without a history of mTBI. 
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Chapter 2 

Methods 

 

This study was approved by the Behavioral and Social Sciences Institutional Review 

Board at The Ohio State University. Participants were recruited for a study assessing binaural 

processing from the Department of Speech and Hearing Science undergraduate courses, the 

Department’s Speech-Language-Hearing Clinic, and via ResearchMatch, a national health 

volunteer registry. All participants provided written consent and authorized the use of their 

personal health information in research. Participants were either paid for their time or received 

course extra credit. Participants were offered breaks during testing to avoid fatigue. The 

equipment (audiometer and tympanometer) was calibrated according to the appropriate ANSI 

standards (ANSI, 1987, 2018).  

 

Participants 

Forty-one adults participated in this study. Participants were divided into two groups 

based on history of mTBI: (a) 18 adults (5 male) 19-63 years of age (mean age = 41.8 years) with 

self-reported HD and a history of mTBI (experimental group), and (b) 23 adults (5 male) 20-57 

years of age (mean age = 39.2 years) with no history of mTBI (control group). The experimental 

group (i.e., mTBI group) had varying number of mTBIs (anywhere from 1 mTBI to 10 mTBIs), 

with an average number of 2.4 mTBIs. The inclusion criteria for both groups included: (1) 

hearing within normal limits (0-25 dB HL; 250-4000 Hz bilaterally), (2) normal otoscopy, (3) 

normal middle-ear function (Roup et al., 1998), (4) present ipsilateral and contralateral acoustic 

reflexes at 500, 1000, and 2000 Hz, and (5) right-handedness (Oldfield, 1971). Right-handedness 
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was determined by the Edinburgh Handedness Inventory (Oldfield, 1971) due to the variability 

associated with dichotic speech recognition among left-handed listeners (Wilson & Leigh, 1996). 

Participants were screened for cognitive function using the Montreal Cognitive Assessment 

(MoCA: score ≥ 26) (Nassreddine et al., 2005). Adults with a history of substance abuse were 

excluded. Table 1 presents average demographic data for each group. As can be seen in Table 1, 

age and pure-tone thresholds were not significantly different between groups (p > .05).  

 

Materials 

Questionnaires 

Adult Auditory Performance Scale (AAPS). The AAPS was used to measure self-

perceived listening abilities (Roup et al., 2021). The AAPS was adapted from the Children’s 

Auditory Performance Scale (Smoski et al., 1998) and specifically designed for use with adults 

who have normal hearing. The AAPS is a 36-item questionnaire designed to assess self-reported 

listening difficulty in the following conditions: noise, quiet, ideal, multiple inputs, auditory 

memory, and auditory attention. The participant indicated the level of self-perceived HD they 

experience in each of these conditions by using a seven-point Likert scale, where 0=never and 

6=always. The AAPS allows for calculation of individual subscale scores in each of the listening 

conditions, as well as an overall averaged global score (Woolf & Roup, 2019). A higher score in 

any category of the AAPS means greater self-perceived listening difficulties as opposed to a 

baseline score of 0 (i.e., no perceived difficulty).  

Hearing Handicap Inventory for Adults (HHIA). The HHIA (Newman et al., 1990) is a 

modified version of the Hearing Handicap Inventory for Elderly (HHIE; Ventry & Weinstein,  

 



 12 

Table 1. Means (M), standard deviations (SD), and ranges for age, number of mTBIs, years since 
injury, and pure-tone averages (PTA) for the right and left ears for the control and mTBI groups. 
One participant was excluded from the “years since injury” category due to lack of reporting on 
the case history. 
 

Group Age (years) # of mTBIs Years Since Injury PTA 
Control     

M 39.2 - - 9.6 
SD 13.2 - - 5.5 

Range 20-57 - - 1.7-18.3 
mTBI     

M 41.8 2.4 12.3 9.8 
SD 14.6 2.1 14.0 4.6 

Range 19-63 1-10 2-50 4.2-20.8 
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1982). The HHIA is a 25-item self-assessment aimed at measuring perceived handicap due to a 

hearing loss (Newman et al., 1990). Unlike the HHIE, which was designed for older listeners, the 

HHIA is specifically meant for younger adults (<65 years of age). The HHIA consists of two 

subcategories: emotional and social/situational. Scores on the HHIA range from 0 (i.e., no self-

perceived hearing handicap) to 100 (i.e., significant self-perceived hearing handicap). The total 

score is calculated by summing each response of yes (4 points), sometimes (2 points), and no (0 

points; Newman et al., 1990). The purpose of the HHIA is to verify a patient’s self-perceived 

hearing complaints that are not quantified by a standard hearing exam (i.e., the pure-tone 

audiogram).  

La Trobe Communication Questionnaire (LCQ). The LCQ was originally designed to 

bridge the gap between clinically diagnosed hearing loss and perceived hearing loss by oneself as 

well as the perceptions of others close to the individual (i.e., girlfriend, boyfriend, best friend; 

Douglas et al., 2000). In this project, only form S was used (i.e., the test administered to the 

primary subject). The items in the LCQ aim to assess the fundamental characteristics of normal 

communication along with cognitive-communicative deficits that might follow a head injury 

(Douglas et al., 2000). There are 30 items in the LCQ all expressed in terms of frequency of 

occurrence. The task of the participant is the rate each item on a Likert-type scale: 1 = never or 

rarely; 2 = sometimes; 3 = often; and 4 = usually or always (Douglas et al., 2000). The LCQ asks 

listeners to recall their communication behaviors before the TBI and now. Participants in the 

experimental group (i.e., a history of mTBI and self-reported HD) filled out both columns of the 

questionnaire (“Before the TBI” and “Now”). Control participants only filled out the “Now” 

column because they have never experienced a TBI. The LCQ is scored by adding up all the 
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numbers for each of the 30 questions, and the higher the total score is, the more HD that person 

self-perceives in their daily life. 

Cognitive Difficulties Scale (CDS). The CDS (McNair & Kahn, 1984) is a 39-item 

questionnaire that is used to measure cognitive decline in the older adult population (Gass et al., 

2020). The CDS is a self-assessment tool administered at a fifth grade reading level that asks 

participants to recall how often they struggle (e.g., “Not at all” or “Usually/Always”) with 

commonplace memory difficulties and other cognitive functions. This questionnaire produces a 

total score as well as six subscale scores: attention and concentration, praxis, prospective 

memory, speech, people’s names, and temporal orientation. A high score on the CDS indicates 

greater frequency of everyday inefficiencies (i.e., lapses of attention or memory, and related 

functions). The CDS is an easy-to-understand questionnaire that is widely used to address 

cognitive complaints (Gass et al., 2020), which are often seen as a side effect of mTBI.  

The National Aeronautics and Space Administration Task Load Index (NASA-TLX). The 

NASA-TLX (Hart & Staveland, 1988) is a Likert-type rating scale used to assess listening effort 

after each binaural processing measure in the present study. The NASA-TLX asks the participant 

to rate these items on a scale of 0 (i.e., low demand) to 100 (i.e., high demand): mental demand, 

physical demand, temporal demand, performance, effort, and frustration level. For the purpose of 

this research, only the data from the mental demand, effort, and frustration categories were 

analyzed. 

 

Behavioral Test Battery 

500-Hz Masking Level Difference (MLD). The 500-Hz MLD (Wilson et al., 2003) 

assesses binaural release from masking by using non-speech stimuli. Release from masking is a 
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phenomenon that explains a listener’s improved hearing ability when they can utilize interaural 

phase differences between their two ears (Roup et al., 2018). The MLD stimuli consist of a 500-

Hz tone and a 500-Hz narrowband of noise presented to both ears simultaneously. There are two 

testing conditions: S0N0 (i.e., tone and noise are in the same phase in both ears) and SπN0 (i.e., 

the signal is 180° out of phase between ears, while the noise is in phase in both ears). There is a 

third control condition of noise without tonal signals, to ensure that tones were not heard within 

every noise burst (Wilson et al., 2003). The listener’s task is to indicate whether or not they have 

heard a signal in the presence of a tone (noise) burst by saying “yes” or “no” or by pressing a 

button when they heard a signal. The tone bursts last 300-ms and they are followed by a 250-ms 

silent interval. A threshold is calculated using the Spearman-Kärber equation (Finney, 1952) for 

the S0N0 and SπN0 conditions based on the number of correct signal identifications. The MLD is 

then calculated from the difference of these two thresholds. When measuring MLD, a 10 to 15 

dB threshold improvement is typically found when the tone is 180 degrees out of phase between 

ears (Martin & Clark, 2012). A higher MLD threshold indicates greater ability to detect a signal 

in the presence of background noise when the signal is out of phase between ears. 

Listening in Spatialized Noise Sentences Test (LiSN-S). Similar to the original Listening 

in Spatialized Noise Test (Cameron et al., 2006), the LiSN-S (Cameron & Dillon, 2007) was 

designed to assess the ability to understand speech in the presence of background noise. The 

LiSN-S test presents a series of sentences in the presence of background noise in four different 

listening conditions. The four conditions were presented in the order as follows: different voices 

at ±90° azimuth (DV90°), same voice at ±90° azimuth (SV90°), different voices at zero degrees 

(DV0°), and same voice at zero degrees (SV0°; Cameron & Dillon, 2007). In the same voice 

condition, the target sentences and distracter stories are all spoken by the same female voice. In 
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the 0° condition, both stimuli come from directly in front of the listener. The presentation order 

of the conditions was not counterbalanced due to recommendations made by Cameron and 

Dillon (2007) to control for practice and learning effects. During administration of the LiSN-S 

test, a children’s story is played on loop to serve as the competing background noise. The 

listener’s task is to repeat as much of the sentence as they can understand. This is an adaptive 

test, in which the presentation of each sequential item in the test is determined by the 

participant’s performance on the previous item (i.e., number of correctly identified words in the 

sentence). A 200 msec 1000-Hz tone is presented before each sentence to alert the listener. A 

500 msec silent gap proceeds the tone burst to separate it from the onset of the sentence. At the 

conclusion of the test, the participant’s performance was measured by two speech recognition 

thresholds (SRT; i.e., the signal-to-noise ratio that yields 50% intelligibility) in noise (SV0° and 

DV90°) and three advantage measures (i.e., the dB signal-to-noise ratio gained when the listener 

was able to use spatial and talker cues, as well as a total advantage). A higher advantage measure 

indicates a greater ability to use talker and spatial cues than a lower advantage measure. A lower 

SRT is favorable, because SRT measures the lowest level at which a person can correctly detect 

50% of speech responses.  

Dichotic Word Recognition (DWR). The DWR test presents competing stimuli to the 

right and left ears of the listener simultaneously (Findlen & Roup, 2011, 2016). The stimuli 

consist of consonant-vowel-consonant words (CVC). There are three testing conditions: free 

recall, directed right, and directed left. In the free recall condition, listeners are instructed to 

repeat the words they hear in both of their ears in any order. In the directed left condition, 

listeners are instructed to repeat only the word they hear in their left ear and ignore the word they 

hear in their right ear (and vice versa for the directed right condition). The use of three different 
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response conditions helps to control individual variability in performance due to cognitive or 

attention-based factors (Findlen & Roup, 2011). Participants were scored by a percentage based 

on the number of words repeated correctly. A higher percentage indicates a higher level of 

performance (i.e., greater accuracy in repeating the words). 

 

Procedures 

 Standard audiometric testing (i.e., otoscopy, tympanometry, audiometry) was completed 

at the start of the session. Following pure-tone testing, the participant came out of the sound 

booth to be consented, complete the MoCA, and fill out the questionnaires (CDS, LCQ, HHIA, 

AAPS). Upon completion of the questionnaires, the participant returned to the booth to complete 

the binaural processing battery (LiSN-S, 500-Hz MLD, DWR). The tests were counterbalanced 

across participants to minimize order and fatigue effects. The participant completed a NASA-

TLX after each binaural measure to obtain post-test mental demand, effort, and frustration. The 

session was completed in approximately two hours. The speech stimuli were presented at 60 dB 

HL for both groups. All audiometric and experimental testing was conducted in a double-walled 

sound-attenuating booth (IAC Acoustics 403 ATR). The binaural processing measures were 

directed from a desktop computer through a two-channel audiometer (Grason-Stadler, Model 61) 

and were presented to the participants via insert earphones (EARTone 3A). The LiSN-S test used 

an external sound card and delivered stimuli to Sennheiser 215 headphones via an application on 

the desktop.  
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Chapter 3 

Results 

 

Self-Perceived HD 

Overall, the mTBI group had significantly higher scores than the control group across all 

questionnaires (LCQ, CDS, HHIA, AAPS). Higher scores indicate poorer self-perceived hearing 

and communication ability in the mTBI group compared to the control group. In order to assess 

differences in self-perceived HD between the groups, a one-way analysis of variance (ANOVA) 

was performed for each questionnaire.  

 Figure 1 presents average HHIA scores for both participant groups. Average HHIA 

scores were higher for the mTBI group (36.4) compared to the control group (2.9). A one-way 

ANOVA was performed to assess differences in hearing handicap between groups (i.e., HHIA). 

Results revealed that participants in the mTBI group perceived significantly greater hearing 

handicap (i.e., hearing problems) than participants in the control group (F1, 39 = 43.54; p < 0.000).  

 Figure 2 presents average CDS scores for both participant groups. Similarly, average 

CDS scores were higher for the mTBI group (54.6) than the control group (29.9). A one-way 

ANOVA was performed to assess cognitive difficulties in the participants (i.e., CDS). Results 

revealed that participants in the mTBI group experienced significantly greater cognitive 

difficulties (e.g., deficits in working memory) than the control group (F1, 39 = 17.03; p < 0.000).  

 Figure 3 presents average LCQ scores for both participant groups. Average LCQ scores 

were higher for the mTBI group (66.4) than the control group (29.9). A one-way ANOVA was 

performed to assess communication difficulties (i.e., LCQ). The LCQ compared communication  
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Figure 1. Mean HHIA scores for the control group (blue) and 
the mTBI group (red). Error bars represent one standard 
deviation. The mTBI group reported significantly (p < 0.05) 
greater hearing handicap compared to the control group. 
 



 20 

 
 
 

 
  

Figure 2. Mean CDS scores for the control group (blue) and the 
mTBI group (red). Error bars represent one standard deviation. 
The mTBI group reported significantly (p < 0.05) greater 
cognitive difficulty compared to the control group. 
 

Figure 2. Mean CDS scores for the control group (blue) and the 
mTBI group (red). Error bars represent one standard deviation. 
The mTBI group reported significantly (p < 0.05) greater 
cognitive difficulty compared to the control group. 
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Figure 3. Mean LCQ scores for the control group (blue) and 
the mTBI group (red). Error bars represent one standard 
deviation. The mTBI group reported significantly (p < 0.05) 
greater communication deficits compared to the control group. 
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behaviors of the control group to communication behaviors of the experimental group after they 

had experienced the mTBI. Results revealed that adults with mTBI experienced significantly 

greater communication difficulties than adults without mTBI (F1, 39 = 45.68; p < 0.000).  

 Figure 4 presents average AAPS global scores and subscale scores for both participant 

groups. The mean mTBI AAPS global score was higher (2.29) than the mean control AAPS 

global score (1.00). A one-way ANOVA was performed to assess listening difficulty in various 

environments (i.e., AAPS subscale scores) and listening difficulty overall (i.e., AAPS global 

score). Results revealed that the mTBI group perceived significantly greater overall listening 

difficulty than the control group (F1, 39 = 46.22; p < 0.000). The mTBI group also perceived 

greater listening difficulty than the control group in all AAPS subscales. In a noisy listening 

condition (e.g., a room where there is background noise from a TV, others talking, music, etc.), 

the mTBI group perceived significantly greater listening difficulty than the control group (F1, 39 = 

53.03; p < 0.000). In a quiet listening condition (e.g., listening in a quiet room), the mTBI group 

perceived significantly greater listening difficulty than the control group (F1, 39 = 19.98; p < 

0.000). In an ideal listening condition (e.g., when listening in a quiet room with no distractions 

and good eye contact), the mTBI group perceived significantly greater listening difficulty than 

the control group (F1, 39 = 16.86; p < 0.000). In a listening condition with multiple inputs (e.g., 

some other form of input like visual, tactile, etc. in addition to listening), the mTBI group 

perceived significantly greater listening difficulty than the control group (F1, 39 = 11.99; p = 

0.001). When auditory memory and sequencing was assessed (e.g., if asked to recall 

information), the mTBI group perceived significantly greater difficulty than the control group 

(F1, 39 = 12.21; p = 0.001). Lastly, when asked to assess their auditory attention span (e.g., 

extended listening required), the mTBI group perceived significantly greater difficulty than the  
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Figure 4. Mean AAPS scores for the control group (blue) and 
the mTBI group (red). Error bars represent one standard 
deviation. The mTBI group reported significantly (p < 0.05) 
greater listening difficulty compared to the control group for the 
global score and all subscales. 
 
MI = Multiple Inputs; AMS = auditory memory sequencing; 
AAS = auditory attention span 
 
 
 



 24 

control group (F1, 39 = 52.73; p < 0.000). 

 

Binaural Processing Measures 

DWR 

 Table 2 presents average scores and standard deviations for the mTBI and control groups 

on the different conditions of the DWR task. Prior to statistical analysis, the DWR percentage 

data were transformed into rationalized arcsine units (raus) to correct for error variance that is 

associated with percentage data (Studebaker, 1985). The transformed data were examined using 

a repeated-measures ANOVA to assess differences in DWR performance in the mTBI group and 

control group. On average, the mTBI group performed poorer than the control group on the 

DWR task, but results revealed that this was not a significant difference (F1, 39 = 0.10; p > 0.05). 

In contrast, results revealed a significant main effect of response condition (F1, 39 = 84.97; p < 

0.000). Specifically, post-hoc paired samples t-tests revealed that both the control and mTBI 

groups performed significantly better in the directed recall condition compared to the free recall 

condition (control: t45 = -5.8; p < 0.000; mTBI: t35 = -7.8; p < 0.000). This significant difference 

is attributable to the nature of the directed recall condition. The cognitive load is lightened in the 

directed recall condition compared to the free recall condition, which results in better 

performance. Similarly, results revealed a significant main effect of ear (F1, 39 = 35.76; p < 

0.000). Specifically, post-hoc paired samples t-tests revealed that both the control and mTBI 

groups performed significantly better on words presented to the right ear than on words 

presented to the left ear (control: t45 = 5.1; p < 0.000; mTBI: t35 = 3.5; p = 0.001).  
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Table 2. Mean (M) and standard deviation (SD) free recall (FR) scores for the right ear (RE) and 
left ear (LE) as well as FR right ear advantage (REA) scores for the mTBI and control groups on 
the DWR task. Table 2 also displays M and SD scores for both groups on the directed recall (DR) 
RE and LE conditions as well as the DR REA score. 
 

DWR 
Group FR (RE) FR (LE) FR (REA) DR (RE) DR (LE) DR (REA) 

Control       
M 88.3 83.2 5.1 95.1 90.3 4.9 
SD 10.0 10.1 7.9 2.7 5.7 6.2 

mTBI       
M 85.6 81.1 4.4 95.0 91.0 4.0 
SD 11.2 11.3 6.9 4.4 6.9 6.5 
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MLD 

 Table 3 presents average scores and standard deviations for the mTBI and control groups 

on the 500-Hz MLD task. A one-way ANOVA was performed to assess MLD and performance 

on SπN0 and S0N0 conditions between groups. Results revealed that the more challenging 

condition (i.e., S0N0) was equally difficult for both groups (i.e., there was no significant 

difference; F1, 39 = 2.82; p > 0.05). The mTBI group performed significantly poorer than the 

control group on the SπN0 condition (F1, 39 = 12.91; p = 0.001). The mTBI group was less able 

than the control group to take advantage of the phase cue in this condition, which is why the 

mTBI group experienced less release from masking than the control group. The inability to take 

advantage of phase cues can lead to poor speech-in-noise ability, which is often a side effect of 

mTBI. The mTBI group’s poorer thresholds in the SπN0 condition also led them to have lower 

MLD thresholds (i.e., the difference in the SπN0 and S0N0 thresholds). The difference in MLD 

thresholds between the mTBI and control groups were trending towards significance (F1, 39 = 

3.88; p = 0.05). 

LiSN-S 

 Table 4 presents average scores and standard deviations for the control and mTBI groups 

on the LiSN- S task. A repeated-measures ANOVA was performed to assess listening ability in 

varying noise conditions, as well as talker, spatial, and total advantages between groups. There 

were no significant differences in performance between groups on the LiSN-S high cue (i.e., 

DV90°) and low cue (i.e., SV0°) conditions (F1, 39 = 3.06; p > 0.05). There were no significant 

differences for talker (F1, 39 = 3.37; p > 0.05), spatial (F1, 39 = 0.31; p > 0.05), or total (F1, 39 

=0.002; p > 0.05) advantages between groups. Results revealed a significant main effect of 

condition (F1, 39 = 727.54; p < 0.000). Specifically, post-hoc paired samples t-tests revealed that  
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Table 3. Mean (M) and standard deviation (SD) SπN0, S0N0, and MLD thresholds for the mTBI 
and control groups on the 500-Hz MLD task.  
   

MLD 
Group SπN0 S0N0 MLD 

Control    
M -26.3 -11.7 14.6 
SD 2.5 3.0 3.0 

mTBI    
M -22.7 -10.3 12.3 
SD 4.1 2.2 4.4 



 28 

Table 4. Mean (M) and standard deviation (SD) scores for the low cue and high cue conditions of 
the LiSN-S task, as well as talker, spatial, and total advantages for the mTBI and control groups. 
  

LiSN-S 
Group Low Cue  High Cue Talker Spatial Total 

Control      
M -1.7 -14.3 9.1 11.4 12.7 
SD 1.1 3.3 1.8 2.9 3.2 

mTBI      
M -0.6 -13.3 8.0 10.8 12.7 
SD 1.3 3.0 2.0 3.2 2.5 
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both the control and mTBI groups performed significantly better on the high cue condition than 

on the low cue condition (control: t22 = -18.4; p < .000; mTBI: t17 = -21.3; p < .000). The high-

cue condition utilized two different cues (i.e., talker and spatial) that the low cue condition did 

not have, which made it easier for the listener to detect the sentence in the background of noise. 

Atypical Performance on Binaural Processing Battery 

Individual data of the mTBI group were evaluated to identify participants who performed 

abnormally on the binaural processing measures. Abnormal performance was defined as (a) a 

500-Hz MLD £ 8 dB (Wilson & Weakley, 2005), (b) DWR scores poorer than and ear 

advantages greater than two standard deviations from the mean (Findlen & Roup, 2011), and (c) 

LiSN-S performance poorer than two standard deviations from the mean (Cameron et al., 2011).  

As a means of intertest reliability, a pattern of binaural processing deficits was defined as 

any subject demonstrating abnormal results for at least two binaural processing conditions. Eight 

out of 18 participants in the mTBI group (44.4%) scored abnormally on at least two of the 

binaural processing conditions. Individual results are presented in Table 5 for the eight 

participants who fit this pattern. The participants ranged in age from 33 to 63 years, and all had a 

history of HD. Only one of the eight participants exhibited abnormal results for exactly two of 

the binaural processing conditions, whereas seven exhibited three of more abnormal results. 

Abnormal performance on this binaural processing test battery validates the mTBI group’s 

complaints of self-perceived HD. Only six out of the 23 controls (26.1%) performed abnormally 

on two or more binaural processing conditions. 
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Table 5. Individual data for the eight subjects exhibiting abnormal test results for at least two 
conditions of binaural processing. Abnormal performance is presented in bold. 
 
FR= Free Recall; DR= Directed Recall; RE= Right Ear; LE= Left Ear; REA= Right Ear 
Advantage  
 
  SUBJECT 

  TY35 TM14 TM15 TM18 TM20 TM21 TM22 TM28 

 Age 33 50 59 55 63 51 38 49 

M
L

D
 

MLD 18 14 16 10 4 12 14 10 

L
IS

N
-S

 

Low 
Cue -0.06 -0.9 -1.1 1 -1 0.3 -0.3 1 

High 
Cue -16.52 -13.6 -14.3 -10.6 -10.4 -10.3 -8.3 -7 

Talker 
Adv. 9.27 7.3 5.7 4.2 6.3 6 6 5.4 

Spatial 
Adv. 14.7 12 11.2 9.2 6.9 9 1.8 6.2 

Total 
Adv. 16.46 12.7 13.2 11.6 9.4 10.6 8 8 

D
W

R
 F

R
 RE 90 72 86 78 50 86 92 74 

LE 72 76 68 76 52 68 88 72 

REA 18 -4 18 2 -2 18 4 2 

D
W

R
 D

R
 RE 88 94 96 92 84 100 98 90 

LE 88 84 94 92 72 82 98 98 

REA 0 10 2 0 12 18 0 -8 

 
 
  



 31 

Listening Effort 

 As seen in Figure 5, on average, the mTBI group perceived greater listening effort (i.e., 

mental demand, effort, frustration) on all the binaural processing measures than did the control 

group. Separate repeated-measures ANOVAs were performed to assess listening effort (i.e., 

NASA-TLX) after every measure. Results revealed significant main effects for each binaural 

measure [DWR (F1, 39 = 13.78; p = 0.001), the 500-Hz MLD task (F1, 39 = 6.08; p = 0.018), and 

the LiSN-S task (F1, 39 = 13.32; p = 0.001)], indicating that the mTBI group reported significantly 

greater listening effort than the control group. Post-hoc paired samples t-tests with Bonferonni 

correction were conducted for each test to determine if there were significant differences 

between the mTBI and control groups for the three domains of listening effort. For DWR, the 

mTBI group exhibited significantly greater mental demand (t17 = -3.7; p < .017), effort (t17 = -

4.1; p < .017), and frustration (t17 = -2.8; p < .017) than the control group. For the 500-Hz MLD, 

the mTBI group exhibited significantly greater frustration (t16 = -3.1; p < .017) than the control 

group, but not mental demand (t16 = -2.4; p > .017) or effort (t16 = -2.2; p > .017). Finally, for the 

LiSN-S, the mTBI group exhibited significantly greater mental demand (t16 = -2.7; p < .017) and 

frustration (t16 = -2.8; p < .017) than the control group, but not effort (t16 = -2.5; p > .017). 

 

Correlations 

 The potential relationships among self-perceived HD and binaural processing were 

explored using Pearson’s correlational analysis. Results revealed correlations between self-

perceived HD and binaural processing performance. There was a significant positive correlation 

between the LiSN-S low cue (SV0°) threshold in dB SNR and the AAPS global score (r = 0.45; 

p = 0.003), indicating that participants who perceived greater listening difficulty had poorer  
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Figure 5. Mean NASA-TLX ratings after the completion of DWR (left panel), LiSN-S (middle 
panel), and MLD (right panel) tests for three NASA-TLX domains: mental demand, effort, and 
frustration. Data are presented for the control group (blue) and the mTBI group (red). Error bars 
represent one standard deviation.  
 
The mTBI group reported significantly (p < 0.05) greater mental demand, effort, and frustration 
compared to the control group. 
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thresholds in the low-cue condition. There was also a significant positive correlation between the 

LiSN-S low cue threshold in dB SNR and the AAPS noise subscale score (r = 0.38; p = 0.015), 

indicating that participants with greater difficulty hearing in noise had poorer thresholds in the 

low cue condition. Additionally, results revealed a significant correlation between the LiSN-S 

high cue condition (DV90°) and the AAPS global score (r = 0.32; p = 0.043). The greater these 

participants perceived their listening difficulty to be (i.e., higher score on the AAPS), the poorer 

they performed on the high cue condition (i.e., higher thresholds). 

There were also significant correlations between the 500-Hz MLD task and self-

perceived HD. The SπN0 condition was significantly correlated with the AAPS global score (r = 

0.38; p = 0.013), indicating that participants with greater self-perceived HD had poorer 

thresholds on the SπN0 condition. This condition was also significantly correlated with the AAPS 

noise subscale score (r = 0.42; p = 0.006), indicating that participants with greater HD in noise 

performed poorer on the SπN0 condition. The SπN0 condition and the HHIA score were 

significantly correlated as well (r = 0.53; p = 0.000), indicating that participants with greater 

self-perceived hearing handicap performed poorer on this condition. The mTBI group drove this 

significant positive correlation because they scored higher on the AAPS and HHIA 

questionnaires (i.e., greater self-perceived HD) and performed poorer (i.e., higher thresholds) on 

the SπN0 condition due to their inability to take advantage of phase cues. Additionally, there were 

significant negative correlations between the MLD thresholds in dB SNR and the AAPS noise 

subscale score (r = -0.32; p = 0.045), indicating that participants with greater HD in noise had 

poorer MLD thresholds (i.e., lower thresholds). MLD thresholds were also significantly 

correlated with HHIA scores (r = -0.41; p = 0.008), whereas participants with greater self- 
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perceived hearing handicap had poorer MLD thresholds. There were no significant correlations 

between self-perceived HD and performance on the DWR task.  

Table 6 presents a Pearson r correlation matrix for HHIA, AAPS noise subscale, and 

AAPS global scores by the different conditions in the MLD and LiSN-S tests. All significant 

correlations are bolded. Figure 6 presents bivariate plots for self-perceived HD in noise (AAPS 

noise subscale score) as a function of the MLD and LiSN-S tests. One of the main complaints of 

a patient with self-perceived HD is that they cannot hear in noisy environments, which is why 

the AAPS noise subscale score was specifically highlighted. In each panel, the AAPS noise 

subscale score is presented on the x-axis and each test variable is presented on the y-axis. 

Overall, these significant correlations were driven by the mTBI group because those are the 

participants who were scoring higher on the questionnaires (i.e., greater self-perceived HD) and 

performing poorer on the binaural processing measures (i.e., 500-H MLD and LiSN-S). 
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Table 6. Pearson r correlation matrix for the high-cue and low-cue conditions on the LiSN-S test 
and the S0N0, SπN0, and MLD thresholds for the 500-Hz MLD test by the HHIA, AAPS global, 
and AAPS noise subscale scores. Significant (p < 0.05) correlations are presented in bold. 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

 

 
 

 

 LiSN-S MLD 
 Low-Cue 

(SV0°) 
High-Cue 
(DV90°) 

S0N0 SπN0 MLD 

HHIA 0.25  
(p = 0.11) 

0.07  
(p = 0.66) 

0.15  
(p = 0.36) 

0.53  
(p = 0.00) 

-0.41  
(p = 0.01) 

AAPS 
Global 

0.45  
(p = 0.00) 

0.32  
(p = 0.04) 

0.10  
(p = 0.55) 

0.38  
(p = 0.01) 

-0.31  
(p = 0.05) 

AAPS 
Noise 

0.38  
(p = 0.02) 

0.20  
(p = 0.21) 

0.13  
(p = 0.42) 

0.42  
(p = 0.01) 

-0.32  
(p = 0.04) 



 36 

  
Figure 6. Individual data presented as bivariate plots with AAPS noise subscale scores on the x-
axis and the LiSN-S low-cue (bottom middle panel), SπN0 thresholds (left panel), and MLDs (right 
panel) on the y-axis. The line represents the regression from the mean. 
 
Significant positive correlations were observed between the AAPS noise subscale scores and the 
LiSN-S low cue and SπN0 thresholds, and a significant negative correlation between the AAPS 
noise subscale scores and the MLD 
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Chapter 4 

Discussion and Conclusion 
 
 

 The purpose of the present study was to assess binaural processing abilities in the adult 

mTBI population. This population often presents with complaints of HD and greater listening 

effort, but they have clinically ‘normal hearing.’ 

It was hypothesized that participants with a history of mTBI would score higher (i.e., 

greater self-perceived HD) on the subjective hearing questionnaires and perceive greater 

listening effort (i.e., higher scores on the NASA-TLX) than the adults without a history of mTBI. 

The results of the present study supported this hypothesis. Specifically, the mTBI group 

perceived significantly greater HD and listening effort than the control group. The greater 

listening effort reported by the mTBI group compared to the control group is consistent with 

previous findings (Krause et al., 2014). Krause et al. found that adults with TBI reported 

significantly greater listening effort on all conditions in their study (e.g., a sentence repetition 

task and a battery of standardized assessments) compared to the control group. The TBI group 

reported the greatest listening effort in two-talker conditions, which is the most difficult listening 

environment for people with HD. The listening effort and difficulty that adults with mTBI 

perceive on a daily basis can have downstream effects. Having to exert greater listening effort 

can cause feelings of fatigue. This fatigue can lead to avoidance of social situations and being 

around large groups of people, therefore causing isolation. HD can have negative effects on 

mental health too (i.e., feelings of anxiety and depression) and have an overall negative impact 

on quality of life (Baran, 2002). Because of these downstream consequences, it is especially 

important that we identify patients who have experienced a mTBI by asking questions about their 

hospitalizations, loss of consciousness, changes in alertness, speaking, coordination, or any other 
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signs of injury (Šarkić et al., 2021). Once these individuals are identified during case history, 

audiologists will be able to integrate measures into the clinic that assess HD and listening effort. 

The standard hearing exam alone is not sufficient to address these complaints. Listening effort 

and fatigue can be measured using a subjective listening effort rating scale (e.g., NASA-TLX) 

and HD can be measured with subjective questionnaires (e.g., HHIA, AAPS). 

It was also hypothesized that participants with a history of mTBI would perform 

significantly poorer on binaural processing measures than a control group without a history of 

mTBI. However, the results did not fully support this hypothesis. There were no significant 

differences between the mTBI and control group on any of the LiSN-S or DWR conditions. 

Group differences are often not found between adults with mTBI and control subjects in studies 

that assess binaural processing likely because of the variability in performance exhibited in this 

population, as well as large age ranges included (Gallun et al., 2017). In contrast, there were 

significant differences in the present study between groups on the SπN0 condition of the 500-Hz 

MLD task. This difference suggests that the HDs experienced by mTBI patients in noisy 

environments are influenced by their poor ability to take advantage of phase cues. Temporal 

processing deficits are not uncommon in the adult mTBI population. Musiek et al. (2014) did a 

case study on a 41-year-old woman who had sustained a mTBI. The woman participated in a 

comprehensive central auditory processing test battery. Her reduced scores on the duration 

pattern perception test (i.e., a test of temporal processing), her severely low scores on the 

compressed speech test, and her complaints of difficulty understanding people who talk fast were 

evidence of deficits in temporal processing. Additionally, Gallun et al. (2017) found similar 

results. They discovered abnormal performance on two tests of temporal processing (i.e., gaps-

in-noise and frequency patterns test) in veterans who had sustained mTBIs due to blast-exposure. 
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Studies have consistently reported abnormal auditory (e.g., binaural) processing within 

groups of adults with mTBI (Gallun et al., 2017; Hoover et al., 2017). Similarly, 44.4% of mTBI 

participants in the present study exhibited abnormal binaural processing performance on at least 

two conditions of the test battery. The test battery in this study assessed temporal processing, 

dichotic listening, and speech-in-noise ability. Abnormal performance indicates deficits in these 

three realms of binaural processing, which leads these adults with mTBI to have complaints of 

HD. Abnormal performance on temporal tests (Gallun et al., 2017), speech-in-noise tests 

(Hoover at al., 2017), and dichotic listening tests (Roup et al., 2020), especially in the left ear, 

are not uncommon in the adult mTBI population.  

Finally, significant correlations were found between performance on binaural processing 

measures (i.e., LiSN-S and MLD) and self-perceived HD. The greater the participant perceived 

their HD to be (i.e., higher scores on the AAPS global, AAPS noise subscale, and HHIA), the 

poorer they performed on the 500-Hz MLD (SπN0 and MLD thresholds) and LiSN-S (i.e., low 

cue and high cue conditions). These correlations were driven by the mTBI group. The MLD and 

LiSN-S measures assess temporal processing and speech-in-noise. Poor performance on these 

measures is consistent with deficits in binaural processing, which is causing these mTBI 

participants to experience greater degrees of HD than the participants without mTBI. 

 

Limitations 

The lack of significant findings on the behavioral test battery could be reflective of 

drawbacks to the present study. One of these drawbacks could be attributable to the nature of the 

participants’ mTBIs. There was variability in the years since the participants had experienced 

their mTBI. Some participants had sustained their mTBI fairly recently, while others had their 
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last mTBI several years ago, which might have affected their current symptoms. There was also 

variability in the number of mTBIs that the participants had sustained. Some participants had 

sustained one or two mTBIs, while others had sustained numerous mTBIs. Participation in this 

research study did not require a doctor’s diagnosis. Several of the participants never saw a 

physician, got a diagnosis, or received treatment after sustaining their mTBI.   

The lack of significant findings might also be attributable to the age range of participants. 

Age of participants in the mTBI group ranged from 19 to 63 years. As shown in the present 

study, only adults ages 33 years and older in the mTBI group performed abnormally on at least 

two binaural processing conditions. Many of the oldest adults in the group (50 years and older) 

performed abnormally on three or more of the conditions. The binaural processing performance 

of younger adults with a history of mTBI was consistent with the normative data. Therefore, the 

age range of the participants needs to be taken into consideration in future studies. 

Additional limitations to the present study might also include the nature of the measures 

in the binaural processing test battery. There were no significant differences between groups on 

DWR, because performance for both groups was near ceiling, which means it was likely that this 

task was too easy. The 500-Hz MLD measure was chosen because of the nature of its binaural 

condition. However, research has shown that the gaps-in-noise test (a monoaural test that 

measures temporal processing) is more likely to yield abnormal performance in mTBI groups 

(Gallun et al., 2017). 

Lastly, both the control and mTBI groups consisted of mostly females. This hindered the 

ability to consider gender as a variable contributing to the insignificant differences between 

groups on binaural processing performance. Females tend to have different mTBI symptoms than 

males do. A study done by Bazarian et al. (2010) showed that sex was a good indicator of three-
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month post-concussive symptom (PCS) scores (i.e., severity of symptoms, like a headache, post-

mTBI compared to pre-mTBI). Overall, males had lower three-month PCS scores than females 

(i.e., males reported their symptoms to be much milder than females did), with the highest 

correlation between sex and PCS occurring between the ages of 14-56 years old.  

 

Clinical Implications and Future Research 

 Results of the present study suggest that although individuals with mTBI do not perform 

significantly different than control subjects on measures of binaural processing, they do, 

however, exert significantly greater listening effort on these tasks as well as perceive 

significantly greater hearing handicap in their everyday lives. The differences found between the 

control group and the mTBI group on HD and listening effort suggest that individuals with self-

perceived HD and a history of mTBI need additional diagnosis tools to address their complaints. 

A clinical disconnect is often present in that adults with a history of mTBI have normal outcomes 

on a standard hearing examination (e.g., ‘normal hearing’), despite perceived HD. Adults with 

mTBI can benefit from audiologic rehabilitation programs, as well as mild-gain amplification 

treatments to decrease their daily listening effort and self-perceived HD. 

In a study done by Roup et al. (2020), a 58-year-old woman with a history of mTBI and 

HD was fit with mild-gain hearing aids. The purpose of this treatment was aimed at improving 

the patient’s HD and communicative function in order to increase her overall quality of life. One 

month after the initial hearing aid fitting, the patient reported substantial improvements in her 

quality of life compared to before. She was wearing the hearing aids for 12-14 hours per day, 

could understand speech in background noise and speech in quiet environments, found both soft 

and loud sounds to be tolerable, and no longer isolated herself by avoiding noisy environments. 
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Before her mild-gain amplification treatment, the patient rated her self-perceived hearing 

handicap on the HHIA as a 96 (i.e., a higher score indicates greater perceived difficulty). One-

month post treatment, the patient’s HHIA score decreased significantly to a 20. This drastic 

change in self-perceived HD indicates the clear improvement in social and emotional well-being, 

as well as the improvement in listening effort, that the patient felt after being fitted with her 

mild-gain hearing aids.  

 Future research should aim to separate the mTBI and control groups even further to 

account for any age differences. Although there was no significant difference in average age 

between the two groups in this study, the range of ages in each group was extremely varied, 

which might have played a role in the insignificant binaural processing results. In the future, we 

plan to have two control groups (i.e., young adult controls and middle-aged adult controls) as 

well as two mTBI groups (i.e., young adult mTBIs and middle-aged adult mTBIs). 
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