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ABSTRACT

Blast-induced traumatic brain injury and hearing loss are two of the most common
forms of the “invisible wounds of war” resulting from the United States’ Global War on
Terror. Several published studies have been confirming recent reports from VA
healthcare centers of blast-exposed Service Members complaining of auditory problems
despite having hearing that is, for all intents and purposes, normal. Most common among
these complaints is problems understanding speech in crowded and noisy situations. We
hypothesized that problems with speech comprehension could either be the result of 1)
damage to sensory areas in the auditory periphery or 2) blast-induced traumatic brain
injury (TBI) to cortical networks associated with the processing of attention, memory,
and other executive functions related to the processing of speech and linguistic
information. In Chapter 1 of this thesis, we found that in a population of blast-exposed
Veteran Service Members, problems with speech comprehension in noise were due to
cognitive deficits likely resulting from issues related to their post-traumatic stress
disorder (PTSD) diagnoses. Chapter 2 takes and expanded look at the topics of Chapter 1

with a more comprehensive battery of audiological, electrophysiological, and
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neuropsychological tests in active duty Service Members with and without a history of
blast exposure. Unlike in veterans with PTSD, we found subclinical levels of peripheral
auditory dysfunction, as well as evidence of compromised neural processing speed in the
blast-exposed group. These deficits were also consistent with poorer performance on a
standardized speech-in-noise test and lower self-reported ratings on an abbreviated
version of the Speech, Spatial, and Qualities (SSQ) of Hearing questionnaire (Gatehouse
and Noble, 2004). In Chapter 3,we modeled outcomes from the SSQ survey using
objective measures of hearing function related to audibility, distortion of the neural
representation of sound, attention, age, and blast status. We found for all subjects age and
high frequency hearing thresholds predicted survey outcomes related to everyday
listening ability. Within non-blast controls, however, measures of attention could
differentiate between good and exceptional listening ability. Results from blast exposed
subjects remained inconclusive. Collectively, these findings highlight the need for
audiologists to take into account more than audiometric measures alone when diagnosing

and treating hearing dysfunction in this unique and specialized patient population.
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BACKGROUND AND INTRODUCTION
Background and Motivation

We just observed the 18t anniversary of the September 11th attacks on the World
Trade Center and Pentagon. The resulting military actions in both Afghanistan and Iraq
have been uniquely defined by the types of injuries sustained by our troops while serving
on the front lines. In particular, traumatic brain injuries (TBI) sustained from exposure to
explosive blast forces (i.e., improvised explosive devises, mortar rounds) are so common
in today’s military that they are often referred to as the “signature wound” of the United
States’ Global War on Terror (Farmer, Krull, Concannon, & Simmons, 2016). From 2000
to 2018, the Defense and Veterans Brain Injury Center (DVBIC) reported a total of
383,947 confirmed cases of traumatic brain injury across all branches of the military. A
large majority of these cases, 82.3%, are classified as mild (Defense and Veterans Brain
Injury Center, 2018). Among these cases, most were the result from exposure to blast
(Hoge et al., 2008).

Exposure to high pressure blast waves comes with increased risk of damage to the
auditory system. Combine this with increased exposure to hazardous levels of sound
associated with a career in the military, and it is easy to understand why hearing problems
represent the second most reported service-related disorder in the military accounting for
over $1 billion spent annually on disability compensations (Fausti, Wilmington, Gallun,
Myers, & Henry, 2009; Yankaskas, 2013). While it may seem obvious that exposure to
blast is bad for hearing, audiometric outcomes from blast exposure are hard to predict,

vary widely, and are dependent on a number of different factors. For example, in the



2013 Boston Marathon bombings, several victims that were within 10 feet of the blast
site suffered no middle ear tympanic membrane trauma or sensorineural hearing loss.
Conversely, several victims who were farther away from the blast site, some as far away
as the next block and around the corner, were diagnosed with measurable sensorineural
hearing loss attributed to the blast (Remenschneider et al., 2014).

Recent reports (anecdotal and published) from audiological clinics from VA
healthcare centers around the country document increases in the number of active duty
and Veteran Service Members complaining of difficulty communicating in crowded and
noisy settings, such as you might encounter at a restaurant during an evening out with a
group of friends (Gallun, Papesh, & Lewis, 2017; Lew, Jerger, Guillory, & Henry, 2007;
Saunders et al., 2015). While many of these Service Members suffer from overt hearing
loss as evidenced by increased audiometric thresholds, there are a substantial number of
patients whose thresholds test at normal to near-normal levels. The focus of the work
presented in this dissertation is centered around this interesting subset of affected
individuals.

Normal audiograms may suggest the problem is cognitive

The audiogram is designed to measure hearing sensitivity to pure tones and
represents the most basic and standard approach to a hearing loss diagnosis. The fact that
these Service Members presented with normal audiometric thresholds and happen to have
been exposed to blast suggests their problems with speech comprehension in everyday
listening situations might be cognitive in nature. The task of detecting the presence of a

tone at threshold levels of sensation is quite a different task from comprehending speech



at audible levels, especially if that speech is in the presence of other competing speech or
noise in the listening environment.

Our ability to maintain meaningful conversations in everyday listening situations
depends largely on our ability to direct and focus our attention on an individual sound
source while simultaneously ignoring any interfering sounds around us. Object-based
theories of attention postulate that we naturally segregate the collective sum of the
acoustic information arriving at our two ears into their individual sources, or objects,
based on features common to each of the individual sound sources. These features
include, but are not limited to, spatial location, common onsets and offsets, envelope or
modulation cues, and pitch differences (e.g., a male versus a female voice). Once the
sound sources have been segregated into their individual objects, the listener actively
selects a single object to focus their attention towards while simultaneously ignoring any
competing sounds (Shinn-Cunningham, 2008). This process of auditory selective
attention involves frontal and parietal regions of the brain (Kong et al., 2014), which have
been shown to both enhance the neural representation of attended sounds and attenuate
the neural signature of the collectively ignored acoustic background (Elhilali, Xiang,
Shamma, & Simon, 2009; Hillyard, Hink, Schwent, & Picton, 1973). Coincidentally,
these cortical regions happen to coincide with areas that have been shown to be
vulnerable to blast-induced traumatic brain injury (Taber, Warden, & Hurley, 2006).
Furthermore, these frontal and parietal regions are known to have functional connections
to primary sensory cortices through long-range axonal fibers (Michalka, Kong, Rosen,

Shinn-Cunningham, & Somers, 2015). There is a rich body of evidence showing these



axonal connections suffer damage as the result of exposure to blast (Taber et al., 2015;
Taber & Hurley, 2007). Damage to both the local cortical structures and the network of
connections between regions could have profound effects on a person’s ability to allocate
attentional resources in a complex acoustic environment. As trouble with concentration,
memory, and attention are some of the symptoms observed in patients suffering from
mild TBI (O'Connor, Colantonio, & Polatajko, 2005; Rona, Jones, Jones, Fear, &
Wessely, 2019; Spira, Lathan, Bleiberg, & Tsao, 2014), we hypothesized that problems
with speech comprehension in noise and competing speech could be the result of
traumatic brain injury to these particular cortical regions associated with attention.
Evidence of a different type of hearing loss—“hidden” hearing loss

In 2009, a study looking at noise exposed mice presented convincing evidence of
a different type of hearing loss, not exposed by the audiogram, that affects the synapses
of the afferent inner hair cells of the cochlea and a subset of auditory nerves connected to
them (Kujawa & Liberman, 2009). After prolonged exposure to just moderate levels of
noise, there is a preferential loss of glutamatergic synapses connected to auditory nerve
fibers responsible for the encoding of supra-threshold levels of sound. Furthermore, this
type of synaptopathy was present even when audiometric pure tone thresholds and
distortion product otoacoustic emissions (a measure of the health of the outer hair cells of
the cochlea) were normal. These suprathreshold responding auditory nerve fibers, defined
by their low rates of spontaneous firing (low SR ANFs), are different from other nerve
fibers with high spontaneous firing rates (high SR ANFs). High SR ANFs are responsible

for the encoding of low intensity sounds, particularly those at or around threshold levels



of detection (Furman, Kujawa, & Liberman, 2013; M. C. Liberman, 1978). Because the
low SR ANFs are unresponsive at threshold levels, the standard audiogram is incapable
of measuring their loss, which is now commonly referred to as “hidden” hearing loss in
the auditory research community. To date, there is no direct test for hidden hearing loss
in humans (Bharadwaj et al., 2019).

Given the increased risk of exposure to dangerous levels of sound associated with
a career in the military (Yankaskas, 2013; Yong, 2015), we suspect that Service
Members, particularly those who have been exposed to blast, may be suffering from
exactly this type of hearing loss, either in addition to or instead of cognitive issues.
Losing the ability to reliably encode supra-threshold spectrotemporal information at the
auditory sensory periphery has been shown to have perceptual consequences in speech-
in-noise types of tasks (Costalupes, Young, & Gibson, 1984).

This dissertation explores the contributions of central (cognitive) and peripheral
(synaptopathy) hearing damage in blast-exposed military service personnel. Chapter 1,
published as “Sensory Coding and Cognitive Processing of Sound in Veterans with Blast
Exposure” in the Noise in the Military Special Issue of Hearing Research, explored the
relative contributions of “hidden” hearing loss and blast-induced neurotrauma to cortical
networks of attention and their effect on speech in noise comprehension in Veteran
Service Members with comorbid PTSD. Chapter 2 investigated these same concepts in
fuller detail in active duty military Service Members without PTSD or whose PTSD was
managed and currently under control. The findings from Chapter 2 are planned to be

submitted for publication in the Journal of Neurotrauma. Chapter 3 attempts to identify



which of several objectively measured auditory factors are indicative of blast-related
hearing complications. Together these studies highlight the complexities involved in
understanding how exposure to blast affects hearing in everyday listening situations. We

summarize these findings at the end of this dissertation.



CHAPTER ONE: SENSORY CODING AND COGNITIVE PROCESSING OF
SOUND IN VETERANS WITH BLAST EXPOSURE
Original publication: Bressler, S., Goldberg, H., & Shinn-Cunningham, B. (2016).
Sensory coding and cognitive processing of sound in Veterans with blast exposure.
Hearing Research, 1-14. http://doi.org/10.1016/j.heares.2016.10.018
Abstract

Recent anecdotal reports from VA audiology clinics as well as a few published
studies have identified a sub-population of Service Members seeking treatment for
problems communicating in everyday, noisy listening environments despite having
normal to near-normal hearing thresholds. Because of their increased risk of exposure to
dangerous levels of prolonged noise and transient explosive blast events, communication
problems in these soldiers could be due to either hearing loss (traditional or “hidden”) in
the auditory sensory periphery or from blast-induced injury to cortical networks
associated with attention. We found that out of the 14 blast-exposed Service Members
recruited for this study, 12 had hearing thresholds in the normal to near-normal range. A
majority of these participants reported having problems specifically related to failures
with selective attention. Envelope following responses (EFRs) measuring neural coding
fidelity of the auditory brainstem to suprathreshold sounds were similar between blast-
exposed and non-blast controls. Blast-exposed subjects performed substantially worse
than non-blast controls in an auditory selective attention task in which listeners classified
the melodic contour (rising, falling, or “zig-zagging”) of one of three simultaneous,
competing tone sequences. Salient pitch and spatial differences made for easy segregation

of the three concurrent melodies. Poor performance in the blast-exposed subjects was



associated with weaker evoked response potentials (ERPs) in frontal EEG channels, as
well as a failure of attention to enhance the neural responses evoked by a sequence when
it was the target compared to when it was a distractor. These results suggest that
communication problems in these listeners cannot be explained by compromised sensory
representations in the auditory periphery, but rather point to lingering blast-induced
damage to cortical networks implicated in the control of attention. Because all study
participants also suffered from post-traumatic disorder (PTSD), follow-up studies are
required to tease apart the contributions of PTSD and blast-induced injury on cognitive

performance.

Keywords: blast-induced traumatic brain injury, selective attention, envelop following

response, cochlear neuropathy, hidden hearing loss



1: Introduction

Anecdotal reports as well as formal studies show that Veterans often have
difficulty with certain auditory tasks, especially those that require understanding speech
in the presence of competing sounds (Gallun et al., 2012; Lew, 2007; Oleksiak, Smith,
Andre, Caughlan, & Steiner, 2012; Saunders et al., 2015). Since nearly every social
setting, including a business meeting, a restaurant, a sporting event, or a party, involves
simultaneous sounds, such communication difficulties can have enormous impact on
everyday function. Veterans suffering from this kind of communication challenge may
avoid situations that make them feel overwhelmed, leading to social isolation at home
and reduced productivity at work. Two potential risk factors, both of which are common
amongst Veterans, may contribute to problems communicating in crowded settings:
hearing damage associated with noise exposure and cognitive problems associated with
blast exposure.

Over $1 billion is spent annually on auditory dysfunction in Veterans, often
associated with noise exposure as well as blast; hearing loss has become the most
prevalent service-connected disability (Fausti et al., 2009). However, in addition to this,
since 2000, there have been over 347,000 clinically confirmed cases of traumatic brain
injury (TBI) across all branches of the military, 82% falling under the category of mild
TBI (Defense and Veterans Brain Injury Center DVBIC, 2016). Both hearing damage and
TBI are forms of the “invisible wounds of war” that are difficult to identify, but
nonetheless devastating (Tanielian & Jaycox, 2008). Importantly, being able to

understand speech in social settings places demands both on basic hearing function and
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central cognitive function, which may be damaged with TBI. Given how ubiquitous both
hearing damage and TBI are amongst Veterans, it is critical to tease apart how both

contribute to auditory dysfunction in Veterans. This is the goal of the current study.

1.1: “Traditional” and "hidden" hearing loss

Hearing loss is traditionally diagnosed when listeners have elevated hearing
thresholds. Such loss is typically the result of irreversible damage to the hair cells of the
cochlea. Damage to the outer hair cells in the cochlea, which are responsible for actively
amplifying cochlear motion, compromises cochlear mechanical function. Sounds that are
typically audible but quiet are no longer amplified, and may be inaudible, leading to
elevated hearing thresholds. This form of hearing damage is what is diagnosed by current
audiological screenings.

Listeners are said to have “normal hearing” as long as they have normal hearing
thresholds. However, recent animal work has been exploring a subtler (but important)
form of hearing loss known formally as “cochlear synaptopathy.” In mice and guinea
pigs, cochlear synapses can be damaged after only moderate levels of noise exposure.
The damage is thought be the result of excitotoxicity, which leads to destruction of
synapses. Over time, this synaptic loss results in the degeneration and death of the spiral
ganglia (ascending auditory nerve fibers or ANFs) normally enervated by the missing
synapses (Kujawa & Liberman, 2009). Nerve fibers with low spontaneous firing rates
appear to be most susceptible to such damage (Furman et al., 2013).

At hearing threshold, the low-spontaneous rate (LSR) fibers that are most

vulnerable to noise damage do not contribute to neural responses. However, importantly,
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these LSR ANFs are critical for encoding amplitude modulation of supra-threshold
sounds (short-term fluctuations in the level of clearly audible sounds). Such supra-
threshold modulation is critical for conveying meaning in ongoing sound, especially in
non-stationary signals like speech. Interestingly, at exposure levels that can lead to such
synaptopathy, cochlear function can remain intact, and the ANFs encoding threshold-
level sounds may respond normally. As a result, standard pure-tone audiograms do not
detect this type of hearing loss (Lobarinas, Salvi, & Ding, 2013), which is colloquially
referred to as “hidden hearing loss” (Schaette & McAlpine, 2011).

Service Members routinely suffer noise exposure, both during training and
deployment. Noise exposure can lead not only to clinically recognized hearing deficits in
the form of elevated thresholds, but also to cochlear synaptopathy, which is currently
undiagnosed (and “hidden”). Thus, a good number of Service Members who do not have
“impaired hearing” as defined by current clinical practice may nonetheless have damaged
hearing in the form of “hidden hearing loss.”

Currently, the only direct evidence of cochlear synaptopathy and subsequent
neuropathy in humans is from post-mortem immunohistochemical and electron
microscopy analysis from temporal bones of five subjects without significant hair cell
loss or any history of otologic disease (Viana et al., 2015). Indirect, non-invasive
estimates of hidden hearing loss are being developed; these efforts focus on
measurements that are sensitive to supra-threshold neural responses, such as the middle

ear muscle reflex, auditory brainstem response, and envelope following response (EFR)
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(Bharadwaj, Masud, Mehraei, Verhulst, & Shinn-Cunningham, 2015; Mehraei et al.,
2016; Shaheen, Valero, & Liberman, 2015; Valero, Hancock, & Liberman, 2016).

The EFR, a measure of the fidelity with which the brainstem can follow periodic
oscillations in sound inputs, has recently been shown to index hidden hearing loss, both
in animals (Shaheen et al., 2015), and in humans (Bharadwaj et al., 2015; Ruggles,
Bharadwaj, & Shinn-Cunningham, 2011). This measure thus provides a way of assessing

supra-threshold hearing fidelity in listeners with normal hearing thresholds.

1.2: Blast exposure and TBI

For combat troops, the predominant vehicle for injury is exposure to explosive
blast ordinance (IEDs, mortar rounds). Such exposure frequently results in blast-induced
TBI (Terrio et al., 2009). While the most common symptom associated with TBI is non-
headache and headache pain, Service Members with a history of TBI often seek treatment
for other symptoms that can include sleep disorders, memory loss, cognitive dysfunction,
and hearing problems (Bergemalm & Lyxell, 2009; Farmer et al., 2016; Hoover, Souza,
& Gallun, 2015; Krause, Kennedy, & Nelson, 2014; Lew, 2007; Munjal, Panda, &
Pathak, 2010; Oleksiak et al., 2012). These symptoms may resolve within weeks to
months after injury (Kwok, Lee, Leung, & Poon, 2009; Levin et al., 1987); however, in a
subset of patients these problems persist and worsen into debilitating post-concussion
syndrome (McKee & Robinson, 2014). In the most severe cases, patients go on to
develop chronic traumatic encephalopathy (CTE), a condition whose symptoms includes

problems with impulse control, paranoia, and severe depression; the disease can progress
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to early-onset dementia and ultimately death (McKee & Robinson, 2014; Mez, Stern, &
McKee, 2013).

Diagnosing mild TBI (mTBI) is complicated and far from an exact science.
Because evidence of injury is often undetectable using neural imaging techniques (Hoge
et al., 2008; Mac Donald et al., 2011), clinicians and combat medical personnel base their
diagnoses, in part, on interviews that focus on whether the patient experienced a loss of
or some form of altered consciousness (Management of Concussion/mTBI Working
Group, 2009). Depending on the circumstances surrounding the injury as well as whether
or not trained medical staff were present at or near the time of injury, this information
may be incomplete or inaccurate. In the military, it is thought that many such events go
unreported (Chapman & Diaz-Arrastia, 2014; Schwab et al., 2007; Tanielian & Jaycox,
2008). In particular, once initial symptoms subside, soldiers are eager to return to duty,
and fear the possibility of disqualification for medical reasons if they admit to TBI
symptoms. Recent work suggests that CTE is a cumulative effect of multiple sub-
concussive and concussive events (Baugh et al., 2012), which highlights both the need to
understand how TBI affects the brain and the need to educate Service Members about the

consequences of TBI.

1.3: Blast exposure and selective auditory attention
The ability to follow a conversation in crowded and noisy listening environments
depends critically on the listener's ability to focus and sustain attention on a speaker of
interest while simultaneously ignoring the interfering sounds that may be present in the

room. This scenario is commonly referred to as the "cocktail party problem" (Cherry,



14

1953). Successful communication in everyday social settings typically strikes a balance
between selective attention, where listeners maintain their attention on a single sound
source, and divided attention, where listeners switch their attention from source to source
(talker to talker or talker to TV, for example). In both cases, in order to ignore unwanted
sounds and attend information from an important sound in a scene, a listener must be able
to “segregate” or perceptually separate the sounds making up the mixture. Segregation
can fail if the listener does not have an accurate and detailed sensory representation of the
auditory scene (Shinn-Cunningham, 2008). If a listener cannot segregate the desired
sound, he or she will struggle when trying to selectively direct their attention (Shinn-
Cunningham & Best, 2008). This would certainly be the case for Service Members with
evidence of “traditional” cochlear hearing loss. However, some Service Members who
have audiograms that fall in the normal to near-normal range (H-1 hearing profile)
nonetheless suffer from communication difficulties. In such cases, it is possible that blast-
induced synaptopathy (explained previously) might contribute to degraded neural
representations of suprathreshold sounds; however, blast exposure may also have
damaged cortical regions implicated in auditory processing.

Oscillatory synchronization in the gamma band range (40-80 Hz) is generally
thought to be essential in organizing activity within local ensembles of neurons, and has
been implicated in the perceptual binding of sensory stimuli (Fries, 2009) as well as other
higher cognitive functions including speech processing (Giraud & Poeppel, 2012) and
attention (Engel, Engel, Fries, & Singer, 2001). This oscillatory activity is driven by

excitatory and inhibitory post-synaptic interactions between pyramidal cells and
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GABAergic interneurons (Hasenstaub et al., 2005). Animal models of TBI show these
GABAergic neurons are particularly vulnerable to traumatic brain injury (Almeida-Suhett
et al., 2015; Lowenstein, Thomas, Smith, & McIntosh, 1992).

Blast TBI may damage not only local regions of the brain, but also long-range
neural connections (Taber et al., 2015). In particular, because the head contains not just
brain tissue, but also air, bone, and fluid, it is inhomogeneous. The blast wave that passes
through the head therefore does not travel at a uniform speed, but instead passes through
different parts of the head at different speeds (Bauman et al., 2009; Sosa et al., 2013).
The resulting shearing forces are thought to disrupt the long-range neural pathways that
are critical in cognitive control networks responsible for focusing attention on task-
relevant features in a complex scene and modulating sensory inputs based on current
behavioral goals.

Reports hint that these communication difficulties are a result of damage to
cortical networks associated with attentional control (Gallun et al., 2012; Lew, 2007).
Frontal brain regions, including regions that are part of the cognitive attentional control
network, are vulnerable to primary, secondary, and tertiary blast injury (Taber et al.,
2006; Taber & Hurley, 2007). Either localized damage to gray matter and/or damage to
neural connections that make up the cortical attentional network could impair selective
attentional control (for review see Wolf & Koch, 2016). This may help explain the
pattern of hearing dysfunction experienced by blast-exposed personnel. Interestingly, it is
this kind of scenario that often reveals communication difficulties amongst Veterans with

blast injury.
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Importantly, a slightly degraded sensory representation may not cause
communication problems if the listening conditions are simple, without any competing
sound. Yet in the presence of competing sounds this degraded signal representation may
be too impoverished to allow listeners to communicate effectively. Indeed, hidden
hearing loss often seems to produce this combination of symptoms: an ability to
understand a talker in quiet, but problems understanding a talker when there are multiple
sources in an auditory scene (Ruggles & Shinn-Cunningham, 2011; Ruggles, Bharadwaj,
& Shinn-Cunningham, 2012). This kind of problem is illustrated by visual analogy in

Figure 1.1.

Normal hearing  Degraded coding

Single
source

Competing
sources

Figure 1.1: Visual analogy illustrating the effects of a poor peripheral representation on the ability to
process sources in a crowded setting. A normal-hearing listener has no problem understanding a
male speaker either in quiet, or when there is a competing female talker (left). A listener with hidden
hearing loss may still understand a male speaker in quiet even though the representation is somewhat
degraded yet will face real communication difficulties when there is a competing talker (right).
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Still, focusing selective auditory attention depends not just on a good sensory
representation of an auditory scene, but also on precise control of neural responses from
cognitive networks in the brain (Choi, Le Wang, Bharadwaj, & Shinn-Cunningham,
2014; Michalka et al., 2015). When selective attention is focused on a particular sound
source, feedback in the brain modulates the actual representation of the sound mixture in
cortex. The brain filters out "distracting" sources and lets through whatever source is the
focus of attention (Choi et al., 2014; Hillyard, 1976; Mesgarani & Chang, 2012; Picton &
Hillyard, 1974). This allows a listener to process, in detail, the features of the desired
sound source without interference from other unimportant signals. For selective auditory
attention to operate effectively, the long-range connections within the cortical attentional

network must be intact and functional.

1.4: Rationale for the current study

In the current study, we test Veterans with blast exposure on a task that has very
low memory demands and does not require language processing, but that requires
listeners to focus selective auditory attention in order to perform the task. We directly
measure both behavioral ability and cortical responses to the sound mixture. Cortical
responses are measured using electroencephalography (EEG), which allows us to
quantify how strongly neural responses to sounds in the mixture are modulated by
attentional focus. Specifically, we compare responses to identical sound mixtures when
listeners are attending a sound stream compared to when they are ignoring that same
stream. We separately measure sensory coding fidelity both using traditional hearing

thresholds and our objective physiological measure of subcortical coding (the EFR).
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We find that blast-exposed Service Members perform consistently worse than
non-blast controls in our selective attention task. Furthermore, EEG responses to the
sound mixture are degraded and show weak attentional modulation compared to controls.
These findings are consistent with self-perceived difficulties communicating in cocktail-
party-like situations. Importantly, the EFR of all of the tested Veterans falls within the
normal range for our control listeners, suggesting that sensory differences cannot account

for abnormal performance and cortical responses.

2: Methods

2.1: Subjects

Fourteen blast-exposed Veterans (13 male, 26-49 years, mean age = 33.5) were
referred to the Auditory Neuroscience Laboratory at Boston University from the
Neurorehabilitation Lab at the VA Boston Healthcare System, Jamaica Plain Campus
(there, the Veterans were part of an investigational protocol for the treatment of post-
traumatic stress disorder, or PTSD). All 14 study participants reported being within 100
m of at least one explosive blast during their time in service. Of the 14 volunteers, 12
participated in the EEG portion of the study. Six reported having 5 or fewer blast
exposures, while the remaining six subjects reported having 10 or more exposures. When
possible, the VA Boston Healthcare System provided additional TBI-related data
including in-service and pre-deployment TBI diagnoses, loss of consciousness (LOC)
duration, and post-traumatic amnesia (PTA) duration and number of blast exposures.

Data reported for LOC and PTA pertain to the most severe blast event. Individual subject
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summaries are provided in Table 1. All subjects provided written informed consent as
approved by the Boston University Institutional Review Board. Subjects were
compensated at a base hourly rate with an additional performance bonus ($0.02 for each

correct response, $7.20 maximum).

TABLE 1.1: Summary of TBl and Blast Exposure by Subject

Subject # Total TBI Past TBI/ LOC PTA # Blast Exposures
0ot N/A 0 None 5-60 mins 31
003 2 6 None < 2 mins 18
004 N/A 0 None None 20
005 2 0 None 1-4 hrs 31
006 N/A 0 None None 3
007 N/A 0 None None 1
008 N/A 0 <2 mins 5-60 mins 18
009 2 12 None Dazed/Confused 2
o010 N/A N/A None Dazed/Confused 3
011 N/A 0 <2 mins 1-4 hrs 10
114 0 0 None Dazed/Confused 5
115 N/A N/A None None 3

N/A: data not available, LOC = lass of consciousness, PTA = post-traumatic amnesia
Total TBI = number of confirmed in-service TBI diagnoses
Past TBI = number of reported pre-deployment TBI

Table 1.1: Summary of TBI and Blast Exposure by Subject

Seventeen subjects (6 male, 20-35 years, mean age = 32.5) were selected from a
previous study (Choi et al., 2014) to serve as the control group for the auditory selective
attention experiment. These subjects were recruited from advertisements posted at Boston
University, and screened for normal hearing (pure tone thresholds less than 25 dB HL).

Subjects were presumed to have no history of blast exposure or PTSD.
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2.2: Objective hearing thresholds

Air conduction thresholds were measured in all participants for pulsed pure tones
at frequencies of 500, 1k, 2k, 3k, 4k, and 8 kHz in both ears. Control subjects whose
thresholds exceeded 25 dB HL were excluded from the study. Blast-exposed subjects
whose 4-kHz thresholds exceeded 25 dB HL in any one ear were exempt from the EEG
portion of the study. All of the Veterans remaining in the study were classified as having
H-1 hearing profiles (Smetana, 1999). This is defined as an average hearing loss for each
ear of no more than 25 dB HL at 500, 1k, and 2 kHz with no individual level greater than

30 dB HL, and no hearing loss greater than 45 dB HL at 4 kHz.

2.3: Envelope following response

2.3.1: Stimuli and procedures

EFRs were measured in a roughly 40-minute session using Biosemi ActiveTwo
system hardware and its accompanying ActiveView data acquisition software. Scalp
potentials were recorded from 32 electrodes (standard 10/20 montage) plus two reference
electrodes placed on the left and right mastoids. Two vertical electro-oculogram (EOQG)
electrodes were also included to capture eye blink events. Timing of critical experimental
events was marked with 5-V TTL pulses sent from the TDT hardware and recorded to an
additional data channel alongside the EEG data.

Stimuli were sinusoidally amplitude-modulated pure tones, with different
modulation depths. The tones were constructed from 4-kHz pure tones modulated by a

half-wave rectified, lowpass filtered 100-Hz sinusoid at four different modulation index
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values equaling 1, 0.63, 0.40, and 0.25 (Bernstein & Trahiotis, 2002). The peak-to-peak
values were equal across the four modulation depths and presented at a level that
corresponded to 75 dB SPL for the fully modulated stimuli. The stimuli were 400 ms in
duration with 5-ms onset/offset ramps, and were presented in opposing polarities; by
averaging together these responses, the neural response envelope is measured, while
responses that follow temporal fine structure are canceled (Goblick & Pfeiffer, 1969;
Skoe & Kraus, 2010; Zhu, Bharadwaj, Xia, & Shinn-Cunningham, 2013).

The various modulation depth/polarity combinations were presented in random order,
with a total of 500 presentations per condition. The 4000 stimulus tokens were presented
diotically roughly every 700 ms with a 100 ms jitter (to ensure that no repetition artifact
was present in the responses).

During the recording session, subjects were allowed to watch a movie of their
choosing with the subtitles enabled and the sound muted to help pass the time. We were
able to obtain reliable data for 10 of the 12 participating blast-exposed Veteran
participants, and compared it to data from 18 normal-hearing (non-blast) controls from a

previous study (Bharadwaj et al., 2015).

2.3.2: Analysis
Data were sampled at 4096 Hz, re-referenced to the average of the two mastoid
electrodes, and highpass filtered at 70 Hz using the eegfiltfft( ) brick-wall filter function
in the EEGLab toolbox (Delorme & Makeig, 2004). Epochs were extracted from -100 ms
to 450 ms relative to stimulus onset. Epochs where the signal dynamic range exceeded

150 pV in any of the 32 scalp channels were excluded to reject eyeblink and other
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artifacts. After epoch rejection, for each subject and each modulation depth, 820 trials
(410 per polarity) were selected randomly from the remaining epochs. Subject who
lacked the requisite number of trials were excluded from the final analysis, leaving a total
of 8 blast-exposed and 12 non-blast control subjects.

Estimates of the phase-locking value (PLV) (Lachaux, Rodriguez, Martinerie, &
Varela, 1999), which is a normalized measure of across-trial phase synchrony, were
calculated by combining data across the 32 electrodes to improve the signal to noise ratio
(Bharadwaj, Bharadwaj, Shinn-Cunningham, & Shinn-Cunningham, 2014). From the
PLVs of the 100-Hz envelope fundamental frequency for each of the four modulation
depths, we also computed the slope describing how the PLV strength decreased with
decreasing modulation depth. By cancelling out inter-subject differences due to
differences in head geometry, electrode impedance, and other nuisance factors that
contribute to the overall strength of the evoked response, this metric provides a better
estimate of brainstem neural encoding fidelity in response to changes in modulation
envelope depth (Bharadwaj et al., 2015). Subjects with shallower slopes display more
robust encoding of the acoustic periodicity in the brainstem response, even as the
available low frequency envelope information is reduced with the reduction in
modulation depth. Conversely, steep slopes are associated with poor brainstem encoding

of the suprathreshold stimulus envelope.

2.3.4: Subjective self-assessment of hearing
There are anecdotal reports of Service Members with H-1 hearing profiles seeking

assistance at local VA hospitals for problems communicating in crowded, noisy
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environments (Oleksiak et al., 2012; Saunders et al., 2015; Saunders & Echt, 2012). A
few published studies have confirmed these reports (Gallun et al., 2012; Lew, 2007). To
verify whether we would observe similar findings, we administered the short form
Speech, Spatial, and Qualities of Hearing questionnaire (SSQ12) to all study participants
(Noble, Jensen, Naylor, & Bhullar, 2013) and compared results for our listeners with
those from a cohort of 103 normal-hearing subjects between the ages of 18-25 years of
age (Demeester et al., 2012). This survey instrument consists of 12 questions designed to
return a subjective measure of how well a person hears under several different real-world
situations. It evaluates how well a person can 1) follow speech in the presence of noise
and competing talkers, and 2) localize and identify sounds, and provides a way of
summarizing a listener’s subjective assessment of their own hearing abilities. Questions

are scored on a Likert scale from 0 to 10.

2.3.5: Selective auditory attention task

The selective auditory attention task used in this study (Figure 1.2) was identical
to the one described in Choi et al. (2014) and was performed in a separate experimental
session from the EFR measurement. Briefly, each trial consisted of three simultaneous
melodies, each simulated from a different lateral angle. Subjects were instructed as to
what melody to attend using an informative auditory cue before the start of each trial.
They were tasked with identifying the contour of the attended melody, which was rising,
falling, or zig-zagging. Responses were registered using the numeric keypad on a

computer keyboard during a prescribed response period.



24

2.3.5.1: Equipment

Experimental stimuli were created in MATLAB (The Mathworks, Natick, MA).
The experiment was controlled using the Psychtoolbox 3 extension (Brainard, 1997) and
TDT Active X Controls from Tucker-Davis Technologies (TDT, Alachua, FL). Auditory
and stimulus event signals were presented via the System 3 RP 2.1 Realtime Processor
and presented via HB7 Headphone Amplifier through ER-1 insert earphones (Etymotic,
Elk Grove Village, IL). The stimulus sound level was fixed at 70 dB SPL (root-mean-
squared). All experimental sessions were conducted in a 1.7 x 2.0 x 2.0 m sound-
attenuated booth (Model C-14, Eckel Noise Control Technologies, Morrisburg, Ontario,
CANADA).

2.3.5.2: Auditory stimuli and task

Each of the melodies was isochronous, with rhythmically regular onsets between
successive notes, but with rates that differed across melodies. The staggered onsets of the
notes in the competing melodies allowed us to temporally isolate the neural evoked
response potentials (ERPs) in the EEG responses, which were evoked by the onsets of the
notes in each melody. The envelope of each note had a slowly decaying exponential
window (100 ms time constant) bookended by cosine-squared onset (10 ms duration) and
offset (100 ms) ramps.

The melodies were lateralized to come from three different directions using
interaural time differences (ITDs) of -100, 0, and +100 ps. The center melody (0 ITD)
was a “Distractor,” and consisted of three notes, 1 second in duration; it was always to be

ignored. The remaining two lateralized melodies are classified as either “Leading” or
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“Lagging.” The Leading melody consisted of four notes, 600 ms in duration, and started
600 ms after the start of the center melody. The Lagging melody consisted of three notes,
750 ms in duration, and started 150 ms after the leading melody. The lateral locations of
the Leading and Lagging melodies were assigned randomly, separately on each trial (one
at -100 ps, the other at +100 us). We previously showed that the onsets of the Distractor
and Leading melody draw attention exogenously, and that the ERP strength does not vary
with attentional focus; in contrast, the Lagging melody, which begins very shortly after
the first note of the Leading melody, shows top-down attention effects (Choi et al., 2014).
All subsequent notes from both the Leading and Lagging streams also evoke ERPs whose
magnitudes are modulated by attentional focus (Choi et al., 2014).

Each melody was constructed from only two pitches, a high and a low note, with
pitches that differed between melodies. Each note contained six harmonics added in
cosine phase—the fundamental frequency and the subsequent 5 harmonics. The
magnitudes of the harmonics were inversely proportional to the harmonic number.
Subjects were presented with an easier “different pitch” condition in which the
fundamental frequencies of the notes of Leading, Distractor, and Lagging melodies
occupied three non-overlapping frequency ranges (600-726 Hz, 320-387 Hz, and 180-218
Hz, respectively), and a difficult “same pitch” condition in which the fundamental
frequencies of all three melodies were drawn from the same 320-387 Hz range. Because
the blast-exposed Veterans were unable to successfully negotiate the difficult “same
pitch” task, essentially performing at chance level, data from this condition were not

included in any of our subsequent analyses.
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On each trial, each of the streams was randomly chosen to have a melody contour
that was rising, falling, or zig-zagging, with equal likelihood (1/3 each). The contours of
the three melodies were chosen independently within each trial. If the contour of a given
stream was rising, it started with a low (L) note; if it was falling, it started with a high (H)
note, and if it was zig-zagging, it could start with either an L or an H note (with equal
likelihood). For all sequences, the melody changed from its starting value to the other
value (H or L, respectively) at some random point later in the sequence. For rising and
falling sequences, this value was repeated in all subsequent notes (e.g., valid four-note
ascending sequences were LHHH, LLHH, and LLLH). In order to ensure that listeners
had to maintain attention on the target stream throughout the sequence, zig-zagging
melodies always changed back to the original note value only for the final note of the
melody (e.g., valid four-note zig-zagging sequences were LHHL, LLHL, HLLH, and
HHLH).

At the start of each trial, subjects were instructed to fix their gaze on a dot located
in the center of the computer monitor; they were instructed to maintain their gaze to the
fixation dot throughout each trial. Depending on the trial, subjects were tasked with
identifying the melodic contour of one of the lateralized melodies, or to withhold
responses entirely. Prior to the start of the melodies, a cue directed subjects as to what the
task was in the upcoming trial. For “Attend” trials, the cue was an auditory tone, 500 ms
in duration, whose F0, timbre, and location matched that of the upcoming melody to be

attended. In “Passive” trials, the cue was visual: a diamond (¢) around the fixation dot

for 500 ms. One second after the cue, the 3-second long, three-melody stimulus was
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presented. 500 ms after the end of the stimulus, a green circle was presented around the
central fixation dot to signify the 1.2-second response period. Subjects had to either
respond (on Attend trials) or withhold any button presses (on Passive trials) during the
response period. Visual feedback was provided at the end of each trial. Listeners were
rewarded with a $0.02 bonus for each correct response entered in the response period

(correct melody contour for Attend trials, no response for Passive trials).

ERP to attended Leading melody

auditory cue ((« or 1)
+100us  -100ps

leading stream N N @~
600 Hz I — Rising
Attend

Zig Zaggi
or 320 Hz s Zig Zagging
Passive
“ 180 Hz I Falling Subject Response
lagging stream I
t 4 b t 1 “Rising”
500ms | 500ms | 3.0 seconds 500 ms 1.5 seconds

Figure 1.2: Auditory Selective Attention Melody Detection Task. Subjects were provided with an
informative 500-ms auditory cue one second before the 3-second three-melody stimulus. Subjects
were given 1.2 seconds to enter their response. This example demonstrates an “attend leading” trial
where the leading melody had a rising melodic contour. Passive trials were cued visually with a
diamond centered over the central fixation point.

2.3.5.3: Procedure
Experimental sessions were divided into 12 blocks of 30 trials. Within each
experimental block, subjects were asked to identify the contours of 12 Leading and 12
Lagging melodies, divided evenly between different- and same-pitch conditions. The

remaining 6 trials were Passive (no response) trials. The presentation order of the five
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different experimental conditions (Attend Leading/different pitch, Attend
Lagging/different pitch, Attend Leading/same pitch, Attend Lagging/same pitch, Passive)
was randomized within each block separately for each subject.

Subjects were screened with a short 12-trial training session that presented a
single melody, without any competing melodies. The training session familiarized
subjects with the pacing of the trials and the keyboard response method, but also was
used to ensure that subjects could perform the melody classification when a target was
presented in isolation: subjects had to score 10 out of 12 correct classifications (83.3%)
on the single-trial training session within 3 training runs to be included in the main study.
Two Veteran Service Members could not successfully complete the single-melody
training task and were excluded on this basis.

1.2.5.4. Behavioral scoring

Proportion correct scores were calculated for the Attention trials. Performance on
the Passive trials was used to verify that the subjects were performing the task as
instructed. Inhibition error rate (IE) was quantified as the proportion of Passive trials in
which subjects incorrectly entered a response. High rates of inhibition errors were
interpreted as evidence of problems with impulse control or hypervigilance, a symptom
commonly associated with PTSD and TBI (Lagarde et al., 2014; Rosenfeld & Ford,
2010). Finally, the proportion of no-response trials (NR) was calculated as the percentage
of Attend Leading and Attend Lagging trials in which subjects failed to register a valid
response within the provided response period. Lack of responsiveness during a particular

trial or block of trials was interpreted as a sign of task disengagement, e.g., due to



29

momentary lapses (missing the pre-stimulus period cue, for example) or to longer-term

changes in listener state (becoming drowsy or falling asleep during the experiment).

1.2.5.5. EEG acquisition and data analysis

Cortical EEG data were recorded using the same Biosemi ActiveTwo system
hardware setup used for EFR measurements. Data were sampled at 2048 Hz, re-
referenced to the average of the two mastoid electrodes, and bandpass filtered from 2 to
20 Hz using a 2048-point zero-phase FIR filter. Eye blink artifacts were removed using
signal-space projection techniques (Uusitalo & Ilmoniemi, 1997). Trial epochs were
extracted from -500 ms to 3000 ms relative the start of the three-melody stimulus and
sorted based on the experimental trial type. Any epoch with voltages exceeding =100 pV
from any of the 32 scalp electrodes was discarded to remove other recording artifacts.
Attention trials were classified as either “Attend Leading” or “Attend Lagging,”
collapsing across target direction. Because behavioral scores from the blast-exposed
subject cohort was low, all valid EEG epochs were included in analysis, not just those
from trials in which subjects responded correctly. After preprocessing and epoch
rejection, a minimum of 49 out of a possible 72 trials remained for analysis for each
subject and condition. To ensure a statistically fair comparison across subjects and
conditions, all final analyses were done by randomly selecting 49 epochs from amongst
all valid epochs for each subject and condition.

Previous work shows that attention-driven modulation of neural responses in this

selective auditory attention task is maximal in a montage of five frontal electrodes: AF3,



30

AF4, F3, F4, and Fz (see Figure 1.3A from Choi et al. 2014). Therefore, we averaged
these responses across trials for each subject and condition to find the final ERPs.

3: Results

3.1: Objective hearing thresholds were near normal for included blast-exposed subjects
Twelve (12) of the 14 blast-exposed Military Service Members were classified as
having H-1 profiles (Smetana, 1999). The two Service Members that had hearing loss
greater than the H-1 criteria were excluded from the EEG portion of the study. Thus,

hearing thresholds were near normal in all of the Veterans tested (see Figure 1.3).
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Figure 1.3: Average audiogram of H-1 blast-exposed Service Members (n=12, mean + SEM)

3.2. EFRs fall within the normal range in the blast-exposed listeners
Figure 1.4 analyzes the phase locking value (PLV) (Lachaux et al., 1999) to the

100-Hz envelope (a way to quantify the strength of the EFR from the brainstem) as a
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function of stimulus modulation depth (decreasing from left to right). The top panel of
the figure shows the PLV as a function of envelope modulation depth, while the bottom
panel shows the slope describing how the PLV changes with modulation depth (derived
from the data in the upper panel). The plots compare results from the blast-exposed

Veterans (shown in black) to those from normal-hearing controls (shown in green).
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Figure 1.4: Phase Locking Values (PLVs) to 100-Hz modulated 4-kHz sinusoids. Solid lines in upper
portion of the figure are average PLVs as a function of modulation index (upper axis label). Dashed
lines in lower portion are the PLV slope estimates as a function of change in modulation index (lower
axis label). Both groups were divided into high and low based on the median split (red line) of the
PLVs from the non-blast controls of the fully modulated stimulus (modulation index = 1.00). Data
expressed as mean £ 95% c.i.

Because these metrics vary significantly across subjects (Bharadwaj et al., 2015;
Ruggles et al., 2011), when plotting the results, we divided each of the groups in half,
based on the strength of the PLVs, defining a “high” group (filled symbols) and a “low”
group (open symbols). For each group, we calculated the across-subject means and
standard deviations. This allowed us to better demonstrate how great the inter-subject

variation is in the PLV strength in both of the groups, consistent with published reports
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demonstrating that supra-threshold coding fidelity varies significantly in listeners with
normal hearing thresholds. Importantly, while there is a lot of variation within both the
blast-exposed and control groups, the across-group differences are small, especially when
compared to the within-group differences.

Overall, the PLV decreases monotonically as the modulation depth of the stimulus
envelope decreases (top panel), with the largest decline between modulation index values
of 1.00 and 0.63. At a modulation index value of 1, PLVs for both the blast and non-blast
controls were similar [ Wilcoxon rank sum: U = 118, p=10.1019, z=-1.2706]. Similarly,
the PLV slopes were similar in the blast-exposed and control groups, including the slope
calculated from modulation indices of 1.00 to 0.63, where individual differences are
greatest [ Wilcoxon rank sum: U =99, p=0.1316,z=1.1187].

These results suggest that the blast-exposed listeners have supra-threshold hearing
fidelity that overlaps substantially with that of normal-hearing controls. Thus, if there are
differences in perceptual ability between the two groups, it is unlikely to arise due to

differences in sensory coding fidelity.

3.3. Blast-exposed subjects report having trouble in everyday listening tasks

The SSQ12 questionnaire summarizes subjective self-assessments of hearing
ability in understanding speech (questions 1-5), spatial perception (questions 6-8), and
sound quality (questions 9-12). Figure 1.5 shows box plots (white) of the numeric
responses for our subjects and for 103 normal-hearing control subjects (green) from a

previous study (Demeester et al., 2012). From the control data, we derived 95%
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confidence intervals, and then evaluated the number of our blast-exposed Veterans who
fell outside this normal range (see numbers below box plots in Figure 1.5).

As Figure 1.5 shows, the blast-exposed subjects tended to have lower (worse)
scores on many questions, with a large percentage of the 12 listeners falling outside the
95% confidence intervals for normal-hearing listeners. These deficits were especially
pronounced when listeners were assessing their ability to follow speech in the presence of
interfering sound sources, such as a TV show, competing speech, or in a group setting:
for questions 1, 3, 4, and 5, at least 75% of the blast-exposed Veterans fell outside the
normal range. On the speech question related to dividing attention between two sources
(question 2: single talker and TV on—can you follow both?), blast-exposed subjects were
no better or worse than young normal hearing subjects, a result that may reflect the fact
that even the control subjects varied in this self-assessment, with many control subjects

reporting quite low scores.
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Figure 1.5: Short form SSQ results (white box plots) compared against published results from
Demeester et al. mean + standard deviation (green bars with blue mean lines) and extrapolated 95%
confidence intervals (thin green bars). Numbers in below represent the number of subjects out of 14
that fell outside the 95% confidence intervals derived from published normal-hearing control data.

Results are further summarized in Table 2, which gives the means and standard
deviations of the scores on each question for the control and the blast-exposed groups,
but with the questions organized according to the task that is being assessed. A majority
of the blast-exposed of subjects (75% or more) fell outside the normal range for the four
questions assessing understanding speech in a noisy setting (questions 1, 3, 4, and 5). For
the question evaluating the ability to segregate simultaneous sources (question 9), 10 out
of the 14 blast-exposed listeners fell outside the normal range. However, for the other
categories, related to spatial hearing and overall quality of listening experience, the
number of blast-exposed subjects reporting scores outside the 95% confidence interval

for normal-hearing subjects was much smaller (36% or less).



35

These results confirm that the conditions in which the blast-exposed listeners feel

that they have real difficulty are those in which there are simultaneous sources. They

report having trouble both when trying to understand the content of speech when there

are competing sounds and when trying to perceptually separate competing sounds.

Table 1.2: Comparison results for normal-hearing control subjects (n=103) and blast-exposed
subjects (n=14). The final column reports the number of blast-exposed subjects whose scores fall
outside the calculated 95% confidence intervals for the scores from normal-hearing 18-25 year olds.

ATTENTION

Normal Hearing?

Blast Exposed Blast Exposed

SSQ 12 Item (SSQ 49 index) mean+SD mean+SD n<95% c.i.
Q1: Speech in noise (1.1) 9. 55107 56+1.7 12/14
.2 Q3: Speech in speech (1.11) 925t 11 58+25 11/14
& Q4: Speech in noise (1.4) 8812 54+21 9/14
% Q5: Multiple speech streams (1.12) 9.4+1.2 6.0+2.2 9/14
Q9: Segregation (3.2) 9.1+1.3 6.11x22 10/14
3 Q2: Multipl h st (1.10)
3 : Multiple speech streams (1.
g “single talker, TV on--follow both” R R 0/14
5 Q7: Distance and movement (2.9) 8114 6.0+1.9 514
% | Q8: Distance and movement (2.13) 92+12 7119 5/14
& Q6: Localization (2.6) 8719 71+1.6 114
> | Q11:Quality and naturalness (3.9) 96+14 78+15 3/14
S Q12: Listening effort (3.14) 85+23 5.7+21 114
8 Q10: Identification of sound (3.7) 75+24 73+22 0/14

t from Demeester et al. (2012)

3.4: Blast-exposed Service Members perform poorly in the selective auditory attention

task

Blast-exposed Service Members performed substantially worse than the healthy,

non-blast controls in the selective auditory attention melody classification task. On

average, the blast-exposed group was equally bad at classifying Leading and Lagging

melodies, with correct responses on only 65% of the Attend trials. In contrast, control

subjects performed over 95% correct on Attend trials, on average. In the blast-exposed
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group, individual subject performance varied greatly, from scores that were not
significantly different from chance (1/3) up to a maximum of about 90%. The arcsin
transformed percent correct scores were compared using a 2-way ANOVA with factors of
Group (Blast Exposed vs. Control) and Melody Type (Leading vs. Lagging). The main
effect of Group was significant [F(1,57) = 75.04, p << 0.001]; however, neither the main
effect of Melody Type nor the interaction was significant.

Compared to control subjects, blast-exposed subjects also exhibited both a larger
Inhibition Error rate (failure to withhold a response) on Passive trials [Wilcoxon rank
sum: U =200.5, p=0.0162, z=-2.4036] and a larger No Response rate on Attention
trials [ANOVA: F(1,28) =5.19, p = 0.0308] (see middle and right portions of panels in

Figure 1.6).
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Figure 1.6: Behavioral scores for the selective auditory attention task for both blast-exposed and

control subjects. Left panel: percent correct responses for Leading and Lagging melody
identification on Attend trials. Middle panel: No Response rates for Attend trials, where subjects
failed to respond within the allotted response period. Right panel: Inhibition Error rates for Passive

trials, where listeners are supposed to withhold responses.
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Figure 1.7: Attend Leading versus Attend Lagging performance for Controls (n=17, solid green) and
Blast Exposed (n=12, open black)

Individual differences in performance were large and consistent across Attend
Leading and Attend Lagging trials. This is illustrated by Figure 1.7, which gives a scatter
plot of the scores on the two types of trials for each subject. This plot emphasizes that the
range of scores was very large for the blast-exposed subjects (30% to about 90%)
compared to the control subjects (ranging from about 90% to 100%). Furthermore, only
the two best performers in the blast-exposed group had scores that overlapped with the
range of scores from the control subjects, and these scores fell just at the bottom edge of
the range from all control subjects (around 90%). However, the inter-subject differences
are consistent in both groups (even the control subjects, where the range of scores is
small): correlations between Attend Leading and Attend Lagging trials reaches a value of

t16 = 0.78 (p < 10-5) for controls and t11 = 0.88 (p < 10-4) for the blast-exposed subjects.
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3.5: Attentional modulation of ERPs is weak in blast-exposed listeners

Figure 1.8 shows EEG responses to identical sound mixtures for both control
subjects (top panel) and blast-exposed subjects (bottom panel). The top of each panel
shows the average scalp distribution taken at key times that correspond to the expected
times of N1 peaks in response to different notes in the sound mixture (120 ms after the
onset of the notes in Leading and Lagging melodies), separately for Attend Leading (top
row), Attend Lagging (bottom row) trials. The bottom of each panel shows the across-
subject average ERP (averaged across frontal-central electrodes AF3, AF4, F3, F4, and
Fz), separately for Attend Leading (solid red), Attend Lagging (solid blue), and Passive
(dashed black) trials. The vertical lines in the ERP plots denote the expected N1 times,
colored according to whether the corresponding note onset was in the leading melody
(red) or the lagging melody (blue) in the mixture.

As reported in the original control-subject study (Choi et al., 2014), for the control
subjects, the N1 peaks evoked by particular notes in the mixture are relatively large when
the corresponding stream is being attended, and relatively small when the same stream is
being ignored. In other words, for the top panel, we see larger peaks in the red traces at
the times marked by the vertical red lines and larger peaks in the blue traces at the times
marked by the vertical blue lines. The scalp distributions for the control subjects
demonstrate that the N1 peaks are strongest over the fronto-central electrodes, as
mentioned previously. Here, we reanalyzed the original ERP data to contrast Attend
Leading and Passive trials and Attend Lagging and Passive trials using a previously

developed non-parametric cluster-level analysis method (Maris & Oostenveld, 2007).
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Specifically, we analyzed samples within a 240-ms time window starting at the onset of
each note, shown below the average ERP data as a horizontal bar. The solid areas within
each of these analysis bars denote time periods when the N1 response is significantly
larger when subjects are asked to attend to the corresponding stream than in the Passive
condition.

As previously reported, the N1 responses to the first notes of each the Leading
melodic stream were strong in all three listening conditions (Attend Leading, Attend
Lagging, and Passive), and did not differ in strength with across listening condition
(analysis bars are open for the initial onsets). This result is thought to be the result of
robust stimulus-driven exogenous attention (Choi et al., 2014). In the selected control
subjects, the N1 response to the first note in the Lagging stream did not differ
significantly across conditions; however, the N1 peaks to the onsets of all subsequent
notes in both of the attended melodies tended to be stronger than the same N1 peaks in
the Passive trials (p<0.05). In particular, for all three subsequent notes in the leading
melody and the second note onset in the lagging melody, significant modulation of the
N1 was found with attentional focus. For the third note in the lagging melody, the
difference went in the expected direction (the N1 was larger in Attend Lagging than
Passive trials); however, this difference failed to reach statistical significance.

For the blast-exposed subjects, the scalp potentials were substantially weaker than
for the control group. Furthermore, we observed no enhancement of the neural
representation of an attended melody. The same cluster analysis used to compare Attend

and Passive conditions in the control group found no significant differences when
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comparing the three N1s evoked by notes in the leading melody for Attend Leading
versus Passive trials, and found no difference in the N1 evoked by the second note in the
lagging melody for Attend Lagging versus Passive trials. The cluster analysis did find
one significant difference within the N1-evoked analysis window at the final note in the
lagging melody for Attend Lagging versus Passive trials; however, given the latency of
this difference, it is unlikely this difference is representative of a true N1 onset-evoked

response.
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Controls: Onset N1 ERPs topoplots (Attend Leading vs. Attend Lagging)
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Figure 1.8: Evoked response potentials to onsets of notes in the same sound mixtures when listeners
are attending and when they are ignoring Leading and Lagging streams. Top panel shows results for
control subjects while bottom panel shows results for blast-exposed subjects. The bottom of each
panel plots the average ERP from fronto-central electrodes as a function of time. Vertical lines in
these plots show the expected times of N1 ERPs to notes in the Leading (red) and Lagging (blue)
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melodies. Scalp distributions for these time points are shown at the top of each panel for Attend
Leading trials (top row) and Attend Lagging trials (bottom row). Beneath the ERPs are shown
analysis windows for the cluster-based analysis (open horizontal bars). Times in which there are
significantly stronger responses to an attended note than to that same note when it is ignored are
shown in color (red for the leading note onsets, blue for the lagging note onsets).

4: Discussion

4.1: Peripheral hearing loss cannot account for poor selective attention ability

A majority of our blast-exposed participants complained of having trouble
following conversations in situations with multiple talkers or interfering sounds, based on
self-report from the short-form SSQ survey. The same survey also suggests that the blast-
exposed subjects have problems with perceptually segregating multiple sound sources
from one another. These findings are consistent with anecdotal reports coming from
several VA audiology clinics (Saunders & Echt, 2012) and a few published studies
(Gallun et al., 2012; Lew, 2007; Lew et al., 2007). The blast-exposed subjects also
exhibited poor behavioral ability on our selective auditory attention task.

By the very nature of their duties, Military Service Members are at increased risk
of exposure to dangerously high levels of sound, both from prolonged (e.g., engine
rumble) and/or multiple transient events (e.g. small arms fire, blast). The effects of blast
on sensory coding in the periphery of the auditory system are not yet understood, but
could lead to additional damage, including both “ordinary” hearing loss as well as hidden
hearing loss.

Both elevated hearing thresholds and hidden hearing loss are associated with
noise exposure. It is therefore reasonable to wonder if one or both forms of sensory

damage explain the poor hearing abilities in our blast-exposed subjects. Specifically, our
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subjects report problems with processing sound when there are simultaneous sources and
performed poorly in our laboratory test of selective auditory attention.

We excluded listeners who had significant hearing loss, as measured by the
audiogram, and specifically evaluated the fidelity of the brainstem responses from the
remaining (H1 hearing profile) blast-exposed Service Members using the EFR. We found
no significant difference between the supra-threshold coding fidelity in the blast-exposed
subjects compared to a cohort of normal-hearing young adult listeners. Indeed, the
strength of the brainstem EFR in the top half of our blast-exposed listeners was
comparable to that of the top half of our control subjects—and exceeded the strength of
the response from the bottom half of the control subject group. However, when
comparing selective auditory attention ability, the best of our blast-exposed listeners
barely reached the performance levels of the worst of our control subjects.

In other words, there are significant differences in supra-threshold hearing fidelity
amongst the blast-exposed subjects we tested; however, the best of our blast-exposed
listeners appear to have better supra-threshold hearing than the worst of our control
listeners. Despite this, our best blast-exposed listeners perform equal to or worse than
control listeners on our selective auditory attention task. Given this, we do not believe
that differences in sensory coding can explain the poor hearing ability of our blast-

exposed listeners.
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4.2: Damage to cortical networks may explain poor selective auditory attention
performance
Problems controlling selective attention are a common symptom associated with
mild traumatic brain injury (Nuwer, Hovda, Schrader, & Vespa, 2005). Given the
importance of communication within diverse brain regions that make up the network
responsible for attentional control, it is possible that the difficulties our blast-exposed
subjects experience in multi-source settings arises due to damage to these cortical
networks, either from focal damage to computational areas important for attention, or in
damage to white-matter tracks critical for conveying information from one region to
another. Fronto-parietal regions are particularly vulnerable to subdural hemorrhage due to
blast (Taber et al., 2006), and are also critical for executive control of attention (Corbetta
& Shulman, 2002; Michalka et al., 2015). Another study looking at the effects of blast
exposure in subjects with and without a diagnosis of TBI documented significantly lower
fractional anisotrophy scores in the inferior fronto-occipital fasciculus, a fiber tract
bundle connecting the ventromedial occipital lobe and the orbitofrontal cortex (Martino,
Brogna, Robles, Vergani, & Duffau, 2010). This result suggests that blast disrupts long-
range connections from fronto-occipital areas involved in attentional processing to
sensory and parietal regions that help make up the spatial-attention network (Corbetta &
Shulman, 2002; Michalka et al., 2015).
The auditory selective attention task in this study utilized stimuli that contained

salient pitch differences as well as modest spatial differences that allowed normal-hearing

control subjects to easily segregate, select, and analyze whatever stream was to be
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attended in the mixture of sounds. Normal-hearing non-blast control subjects performed
at or near ceiling and exhibited enhanced neural representations of the onsets to the
individual notes of the attended melody (see Figure 1. 8, top). In the original study,
normal-hearing controls also performed reasonably well when the pitch cue was removed
(same pitch condition), which made it harder to focus attention on the correct melody
(Choi et al., 2014). In this harder version of the task, performance for the control subjects
varied from perfect down to chance—comparable to how our blast-exposed subjects
performed when the “redundant” pitch cue was available (and when control subjects
performed at or better than 90% correct). Importantly, in the original study, the amount of
attentional amplification of neural ERPs that an individual control subject exhibited in the
easy, different-pitch condition correlated with performance in the same-pitch task. This
result suggests that the efficacy of attentional control (as measured by the modulation of
ERPs based on attentional focus) varies significantly across control listeners; when a task
is sufficiently easy, all listeners may do well, regardless of how well they can control
attention, but when a task is hard, these individual differences in attentional control
determine performance.

Here, blast-exposed subjects performed substantially worse than normal hearing
controls, as if they are particularly bad at controlling selective auditory attention. This
poor performance was also reflected in weaker ERPs; moreover, there was no evidence of
neural modulation of ERPs due to attentional focus in the blast-exposed listeners. This
result is consistent with the idea that blast-exposure damages control networks that are

critical in selective auditory attention tasks. Previous electrophysiological evidence
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suggests that TBI patients are impaired in their ability to filter out unwanted or irrelevant
sensory information (Arciniegas et al., 2014), supporting this kind of explanation. Such
impairments of executive function certainly could explain why more and more normal-
hearing blast-exposed Service Members are seeking aid in VA-affiliated audiology

clinics across the country.

4.3: Caveats

Problems with memory are also associated with TBI; thus, we cannot rule out the
possibility that on some trials subjects either forgot the cue that described what stream to
attend or whether to withhold a response. Similarly, even though the memory load on our
task was low, it is possible that memory impairments prevented the blast-exposed
listeners to hold the note-by-note sequence in memory over the course of the three-
second stimulus and retain the representation long enough to determine how to answer in
the response interval. These types of cognitive failures could explain the poor
performance and weak neural responses in our blast-exposed listeners rather than damage
specific attentional networks. Regardless, such deficits are cognitive, rather than sensory,
in nature.

Indeed, the behavioral deficits of our blast-exposed subjects are unlikely to be
associated exclusively with damage to attentional networks. The blast-exposed group was
more likely to fail to respond on Attend trials than were the controls. The blast-exposed
group was also less likely to withhold a response on Passive trials than were the controls.
These deficits, combined with the low percentage of correct responses, suggest that the

blast-exposed listeners had general cognitive deficits that go beyond damage that is
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specific to control of selective attention. Cognitive function, in general, depends on
communication between pre-frontal executive control regions with other brain structures.
It is likely the case that cortical damage is present in a range of tasks, not just on selective
auditory attention tasks.

It is well established that post-traumatic stress disorder (PTSD) is comorbid with
traumatic brain injury (Hoge et al., 2008). All of the blast-exposed subjects recruited for
this study were referred to Boston University through the VA Boston Healthcare System
as part of an interventional study examining the efficacy of cognitive therapy on PTSD
outcomes. Every study participant in the blast group had a PTSD diagnosis; however, not
every participant had a confirmed mTBI diagnosis. Because TBI and PTSD have
overlapping symptomology, it is possible that additional PTSD-specific symptoms
contributed to the behavioral and electrophysiological outcomes of this study. This is a
commonly encountered problem with studies involving blast injury in military
populations. We are currently gathering data with active duty Service Members both with
and without a PTSD diagnosis to tease apart how PTSD and blast may contribute to the
deficits we observe here.

While it is possible that damage to cortical grey matter and/or white matter
connections in attentional control networks explain the deficits exhibited by our blast-
exposed subjects, more work is needed to rule other reasons for problems with cortical
control. For instance, PTSD often leads to sleep disorders, drug and alcohol abuse, and
other behaviors, which are known to impair cognitive abilities. Rather than physical

damage to brain structures, the difficulties that the blast-exposed subjects have may be
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caused by short-term impairments that can be treated through effective behavioral
modification. This is a possibility that needs further investigation.

Finally, it is worth reiterating that results from the normal-hearing controls were
from historical data from two previously published studies from our group. Because
subjects from these two studies were recruited through advertisements posted on the
Boston University campus, we assumed control participants had no previous exposure to
blast. Additionally, we cannot rule out possible effects due to differences in education
level achieved or to musical experience, as we did not collect this information in our
initial surveys of the blast-exposed Service Members and did not have such information
about our control subjects. Our access to blast-exposed Military Service Members was
only made possible through generous participant referrals by the Neurorehabilitation Lab
at VA Boston Healthcare under the direction of Dr. Yelena Bogdanova. At the time this
study was conducted, this arrangement did not permit us to directly recruit military
personnel from the VA Boston Healthcare campus. Ideally, our control group would have
been a better demographic match to the blast-exposed participant; however, we did not
have access to such a pool of participants at that time. The above-mentioned study now
underway, as well as other future studies, need to directly address this issue.

5: Conclusions

Despite the prevalence of noise exposure in the Veteran population, sensory
damage alone cannot account for the behavioral and electrophysiological deficits we
found. Blast-exposed subjects had near normal hearing thresholds; they also

demonstrated normal supra-threshold sound coding fidelity. Despite this, their self-
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reports indicate great difficulties when blast-exposed Veterans are trying to understand
speech in noise or to segregate sounds appearing in a mixture of competing sounds. The
blast-exposed Veterans also fail when asked to perform a low-memory load task that
requires them to focus selective auditory attention—as well as on other cognitively
demanding aspects of our experiment, such as withholding responses on certain trials, or
making responses within a limited time period. While it is beyond the scope of this study
to determine the cause of these deficits, we conclude that cognitive, rather than sensory,
factors are likely to blame.

Most importantly, this work demonstrates that blast-exposed Veterans have
difficulty understanding sound when there are competing, distracting sounds. Given this,
blast-exposed military personnel are likely to have difficulty communicating in everyday
social settings, which can lead to social isolation and depression. Further work to
understand the root causes of these cognitive deficits is critical in order to determine how
to treat such problems.
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CHAPTER TWO: BLAST EXPOSURE IN ACTIVE DUTY SERVICE MEMBERS

AND ITS EFFECTS ON SENSORY AND COGNITIVE AUDITORY

PROCESSING
Abstract

Blast-induce traumatic brain injury (TBI) and hearing loss are two of the most
common injuries sustained as a result of the U.S. Global War on Terror. Recently,
audiology clinics at VA healthcare centers have been reporting an increasing number of
blast-exposed Service Members complaining of having complications with speech
comprehension in everyday social situations with competing talkers and interfering
sounds despite having normal to near-normal audiometric thresholds. We hypothesized
these speech comprehension problems might be the result of two possible mechanisms of
injury: 1) damage to the auditory sensory periphery resulting in either cochlear
dysfunction or the loss of auditory nerve fibers responsible for the encoding of
suprathreshold sounds (“hidden hearing loss”) or 2) blast-induced traumatic brain injury
(TBI) to cortical networks associated with the processing of attention, working memory,
and other executive functions related to speech and language processing. Results from a
comprehensive battery of audiological, electrophysiological, and neuro-cognitive tests
performed on blast-exposed active duty Service Members show evidence of subclinical
levels of hearing loss compared to Service Members who had not been exposed to blast.
These losses, however, are still within the range of what is typically considered normal
hearing. Different from what we observed in a similar study in a population of blast-

exposed Veteran Service Members seeking treatment for post-traumatic stress disorder
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(PTDS) (Bressler, Goldberg, & Shinn-Cunningham, 2016), we found no evidence of
cognitive deficits in attention in either the auditory or visual domains. Neuro-cognitive
outcomes show evidence that exposure to blast may have affected neural processing
speed. Collectively, these findings suggest that problems associated with speech
comprehension in complex acoustic environments in blast-exposed Service Members are
primarily driven by subclinical deficits in hearing function, which result in degraded
sensory input to already compromised networks responsible for cognitive processing of

information.
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1: Introduction

Military service is one of the few professions where good hearing is a requirement
of the job. The ability to communicate in adverse listening environments could mean the
difference between mission success and failure. Since the start of combat operations
related to the United States’ Global War on Terror, several studies have confirmed
anecdotal reports from VA affiliated audiology clinics of blast-exposed Service Members
with normal to near-normal hearing thresholds complaining of having problems with
certain auditory tasks. Most common among these complaints is difficulty understanding
speech in the presence of competing speech and interfering noise—a situation that one
would frequently encounter in the civilian world, for instance, when out to dinner with
friends, or for active duty Service Members, this might include trying to receive and
understand mission orders in the midst of combat noise and radio chatter from multiple
talkers. (Gallun et al., 2017; Lew, 2007; Lew et al., 2007; Saunders et al., 2015).

In a previous study (Bressler et al., 2016), we hypothesized that complications
with speech comprehension in complex acoustic settings in a blast-exposed population
could be due to two different factors: hearing damage to the sensory periphery or
cognitive dysfunction brought about by blast-induced traumatic brain injury to cortical
regions associated with attention, working memory, or other executive functions related
to speech comprehension and linguistic processing. To test this hypothesis, we evaluated
audiological and electrophysiological outcomes from a number of auditory-related tasks
in a population of blast-exposed Veteran Service Members. We found that cognitive

rather than sensory deficits were more prominent in the blast-exposed Veterans. From
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this, we posited that central, not peripheral deficits were responsible for their speech-in-
noise problems. This study, however, was not without its share of shortcomings. First and
foremost, all of our blast-exposed Veteran study candidates were referred to us through
the Neurorehabilitation Lab at the VA Boston Healthcare System, Jamaica Plain Campus
after participating in an investigational protocol for the treatment of post-traumatic stress
disorder (PTSD). The link between blast-induced TBI and PTSD is well established
(Hoge et al., 2008). While these comorbidities were a complication we fully expected to
encounter, we were unable to recruit Veteran Service Members into an age- and
demographically-matched non-blast-exposed control group because of the restrictions put
in place by the Veterans Administration that are designed to protect the privacy and rights
of their patient population. Instead, we compared outcomes to historical control data from
a collection of past studies we conducted on the Boston University campus using normal-
hearing college student volunteers (Bharadwaj et al., 2015; Choi et al., 2014).
Additionally, we had very limited access to medical histories that might include past and
present diagnoses of other potentially confounding comorbidities (e.g., drug use, other
neuropsychological conditions, or previous non-service-related TBI). We were still able
to obtain estimates of the severity and frequency of traumatic brain injury events suffered
while in-service; however, much of our information was based off of subject-answered
surveys that relied on the recall of events that occurred years before. In order to better
understand how exposure to explosive blast forces affects hearing and the cognitive

processes associated with the perception of speech, we needed to expand our recruiting
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strategies to include blast-exposed and non-blast exposed Service Members without a

medical history complicated by a PTSD diagnosis.

1.1: Hearing loss in the military: traditional and “hidden”

Because exposure to harmful levels of sound is almost a certainty in the military,
noise-induced hearing loss is an unfortunate occupational hazard (Yong, 2015). Hearing
loss is traditionally diagnosed, in part, by the presence of elevated hearing detection
thresholds to pure tones. This loss is typically the result of damage to outer hair cells
(OHC:s) of the cochlea, which are responsible for changing the physical characteristics of
the basilar membrane. Loss of these cells reduces active processes involved in the
amplification of cochlear motion, making quiet sounds that would be detectable in a
healthy adult listener inaudible to the listener with OHC damage. Although this type of
damage can more directly be assessed by measuring cochlear emissions in response to
stimulation from two simultaneously presented pure tone, a test known as the distortion
product otoacoustic emission (DPOAE) test, this particular type of cochlear loss is more
commonly quantified with the standard air conduction pure tone audiogram. Measured
thresholds are compared against a standardized set of intensities across a range of
frequencies (commonly 250 Hz to 8 kHz) that have been determined to be representative
of pristine hearing. By current ASHA (American Speech-Language-Hearing Association)
standards a person is considered to have “normal hearing” if their thresholds are less than
15 dB HL. Thresholds between 15 and 25 dB HL fall under the category of a “slight loss”

(ASHA, 2015).
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Recently, a substantial body of research has uncovered another type of hearing
loss associated with the loss of synaptic connections between the afferent inner hair cells
of the cochlea and the auditory nerve (Kujawa & Liberman, 2015). Studies in cat have
identified a subset of auditory nerve fibers (ANFs) with low spontaneous discharge rates
(low SR ANFs) that specifically respond to suprathreshold levels of sound (M. C.
Liberman, 1978). These particular fibers have been shown to be resistant to masking in
noise, a critical part of listening in complex acoustic environments (Costalupes et al.,
1984). Tragically, however, these low SR ANFs and their synaptic connections also
appear to be the most vulnerable to damage from prolonged exposure to moderate levels
of noise (Furman et al., 2013). The damage has been shown to start with the loss of the
ribbon synapses that connect the low SR ANFs to the inner hair cell as the result of
excitotoxic levels of over activity (Kujawa & Liberman, 2009; L. D. Liberman &
Liberman, 2015). Ultimately loss of these synaptic connections results in the death of the
auditory nerve fiber normally innervated by the lost synapse. This type of neuropathy,
commonly referred to as “cochlear synaptopathy,” can occur without damage to the outer
hair cells (M. C. Liberman, Epstein, Cleveland, Wang, & Maison, 2016). The standard
audiogram cannot measure this type of loss as the low SR ANFs are not actively
changing their firing rate at threshold-levels of sound. Because of this, cochlear
synaptopathy is often interchangeably referred to as “hidden hearing loss™ (Schaette &
McAlpine, 2011).

Although confirmed in animal models, synaptopathy has yet to be directly

measured in humans. Post mortem analysis of human temporal bone tissue has confirmed
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the loss of ribbon synapses (Viana et al., 2015; Wu et al., 2019), but currently there is no
direct test for cochlear synaptopathy. There are, however, non-invasive indirect measures
that are sensitive to synaptopathy in animal models that can also be performed on humans
(Bharadwaj et al., 2019; Shaheen et al., 2015). In this study, we will present results from
two such tests: the auditory brainstem response (ABR) to a 100-us click stimulus and the
brainstem envelope following response (EFR) to the envelope modulations of an
amplitude modulated pure tone. In combination with a standard air conduction pure tone
audiogram and a measure of distortion product otoacoustic emissions (DPOAESs), our
results will show a more complete picture of how exposure to blast affects peripheral

hearing function.

1.2: Blast exposure and cognitive processes involved in auditory selective attention
Complaints of difficulties communicating in crowded and noisy situations exactly

describes a scenario that has been the focus of auditory researchers ever since the term
the “cocktail party problem” was coined in the mid 20 century (Cherry, 1953). Our
ability to hold meaningful conversations in less-than-ideal listening conditions is
influenced by more than just simple acoustics. Very often in everyday social settings,
background noise, competing conversations, and reverberant acoustic conditions are
constantly interfering with our ability to hear out a single voice amongst the din. Yet, our
ears and our brain work together to dynamically focus our attention from one voice to
another, somehow allowing us to quiet the competing background sound to make sure we
can hear what our friend(s) are saying. The “problem” refers to the complexity involved

in the sensory and cognitive processes involved to accomplish this task. Object-based
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theories of attention posit that the brain organizes sound emanating from individual
sources into “objects” (ShinnCunningham, 2008). The challenge for listeners is when
multiple sound sources have to be parsed into their individual sound objects using only
acoustic information received at the two ears. To accomplish this, listeners segregate
sound sources based on spectral and temporal cues or features specific to each source.
Segregation can be particularly challenging and even fail if the sensory representation of
the auditory scene is diminished because of problems in the auditory periphery (i.e.,
hearing loss) or distorted from spectro-temporal smearing of the acoustic information due
to the addition of reverberant acoustic energy (Shinn-Cunningham, 2008). Once the
individual sound objects have been properly segregated, listeners then must select which
one of those objects to direct their attention toward (Shinn-Cunningham & Best, 2008).
The act of selecting a sound source requires top-down volitional control of cortical
processes originating from frontal regions in the brain and feedbacks onto parietal regions
(Desimone & Duncan, 1995; Kong et al., 2014; Michalka et al., 2015; Miller, 2000). The
selection process been shown to affect the neural representation of a complex acoustic
scene in two different ways. Not only does attentional selection act to enhance the neural
presentation of attended objects, but it also has been shown to simultaneously suppress
the collective neural representation of the interfering sound sources (Mesgarani & Chang,
2012; Puvvada & Simon, 2017).

Traumatic brain injury (TBI) is particularly prevalent in the military. Between the
years 2000 and 2018 the Department of Defense reported over 380,000 clinically

confirmed cases of TBI, an overwhelming majority of which were classified as “mild”
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(Defense and Veterans Brain Injury Center, 2018). The majority of these mild TBI cases
were the result of exposure to blast (Greer, Sayer, Kramer, Koeller, & Velasquez, 2016).
Frontal brain regions, including those associated with cognitive networks involved in the
control of attention, have been shown to be vulnerable to effects of blast (Taber et al.,
2006). Additionally, significantly lower fractional anisotrophy scores, a measure of the
structural integrity of white matter fiber tracts in the brain, have been reported in a cohort
of blast-exposed Veterans with and without TBI (Taber et al., 2015). We hypothesize that
damage to either cortical regions associated with attentional processing or the long-range
axonal fibers interconnecting attentional regions to their site of action in sensory cortices
would result in problems in attentional selection (for review see Wolf & Koch, 2016).
Such damage could explain why blast-exposed Service Members who have otherwise

normal hearing have problems with speech-in-noise communication.

1.3: Rationale for the current study

The motivation for this current study was to address issues we encountered in our
first study involving blast exposed Veteran Service Members (Bressler et al., 2016).
Specifically, we recruited active duty Service Members who had no restrictions on their
fitness for duty status. Understanding that exposure to blast comes with an increased
incidence of traumatic brain injury and post-traumatic stress disorder, we permitted
potential blast-exposed study candidates with TBI diagnoses no more severe than “mild”
to participate in our study, and we also accepted subjects with confirmed cases of PTSD
provided it was currently managed and under control. Instead of indirect referrals, we

recruited active duty Service Members primarily from the hearing conservation clinic at
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the Walter Reed National Military Medical Center (WRNMMC) in Bethesda, MD as part
of another study investigating the prevalence of central auditory processing disorder
(CAPD) in active duty Service Members. To increase the number of blast exposed
participants, recruitment efforts were expanded to patients from the Audiology Clinic at
Walter Reed and from a patient database managed by the Center for Neurological
Regenerative Medicine (CNRM). From this CAPD prevalence study, we were given
access to each subject’s results from a comprehensive audiological test battery that
included, among other tests, air conduction thresholds, distortion product otoacoustic
emissions (DPOAESs), and click ABRs. Additionally, all subjects were administered a
battery of neuropsychological tests to measure memory, attention, processing speed, and
other executive functions. And as with the Veterans’ study, we also collected data from
brainstem envelope following responses as well as EEG-recorded cortical responses from
an auditory and visual version of a selective attention task. We hypothesized that if
exposure to blast damaged frontal and parietal regions associated with the control of
attention, functional deficits might also be observed in other sensory domains.

We found that despite reporting having problems understanding speech in the
presence of competing sounds, blast-exposed Service Members performed similarly and
had neural signatures of attentional processing similar to non-blast controls for both
auditory and visual selective attention tasks. The blast-exposed group did, however,
exhibit signs of subclinical levels of hearing loss relative to non-blast controls, though
these losses were still within the range of what would traditionally be classified as normal

hearing. Finally, although results from the selective attention tasks did not reveal any
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immediate differences in the cognitive processing of attention, neuropsychological tests
hinted at differences in cognitive processing speed.

2: Methods

2.1: Subjects

All study participants were active duty Service Members recruited through either
the hearing conservation clinic at the Walter Reed National Military Medical Center
(WRNMMC) or referred to our study from a patient database managed by the Center for
Neurological Regenerative Medicine (CNRM). Inclusion into the study required that all
study candidates be between 18 and 55 years of age, have normal to near-normal hearing
(H-1 hearing profiles), no diagnosed traumatic brain injury (TBI) greater than mild, no
history of “severe” cognitive problems, untreated or unmanaged post-traumatic stress
disorder (PTSD), and a passing score (>38) on the Warrington Recognition Memory Test.
The H-1 profile is a military-specific classification of hearing health readiness defined as
left or right ear pure tone averages < 25 dB HL at frequencies 500 Hz, 1 kHz, and 2 kHz
with no individual frequency greater than 30 dB HL, and no thresholds greater than 45
dB HL at 4 kHz (Smetana, 1999). The Warrington test is a recognition memory task that
is commonly used to differentiate between feigned versus actual cognitive impairment
(Kim et al., 2010). The history and severity of service-related and non-service-related
head injury was determined through self-reported results from the three question DVBIC
(Defense and Veterans Brain Injury Center) TBI Screening Tool (Defense and Veterans

Brain Injury Center, 2007; Schwab et al., 2007).
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Most subjects were referred to us as part of a separate study that collected
standard audiological as well as additional psychophysical measures and survey data
designed to understand the prevalence of Central Auditory Processing Disorder (CAPD)
in the military. Of the multiple measures collected in the prevalence study, three
outcomes were selected to define the inclusion criteria into either the blast-exposed or
non-blast control groups: a six question abbreviated version of the Speech, Spatial, and
Qualities of Hearing Scale (SSQ) questionnaire (Gatehouse & Noble, 2004), a modified
version of the Oldenburg Matrix Test (Hagerman, 2009), modeled after the Quick Speech
in Noise (QSiN) test (Killion, Niquette, Gudmundsen, Revit, & Banerjee, 2004), and
NoSr thresholds from a standard Masking Level Difference (MLD) test (Moore, 2004).
Each of these three measures is described below.

The abbreviated SSQ questionnaire targeted specific aspects of how study
candidates subjectively rated their ability to hear in complex everyday listening
situations. Three of the six questions were related to listening in multi-source situations,
while the remaining questions addressed issues with listening quality and effort. The final
overall score was calculated from the average of all six questions. Lower scores are
indicative of self-reported problems with everyday hearing.

Speech in noise performance for each subjects was evaluated using a modified
version of the Oldenburg Matrix Text (Hagerman, 2009) that was modeled after the
Quick Speech-in-Noise (QSiN) test (Killion et al., 2004). The test itself was administered
in two parts. In the first part, a standard version of the OMT (OMTstandard) Was run in

which target English sentences spoken by a female talker were presented in the presence
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of four-talker babble (3 female, 1 male). Both target and interfering masker babble were
co-located at 0° azimuth along the auricular plane using generic head-related transfer
functions (HRTFs) over circum-aural headphones (Brungart & Romigh, 2009; Romigh,
Brungart, Stern, & Simpson, 2015). Each of the five-word target sentences contained a
name, verb, two adjectives, and a final object noun drawn from a closed set of 10 words
per category, creating sentences that are grammatically correct, but not necessarily
meaningful. (e.g., “Peter got three large desks” or “Alan gives eight dark toys”). At the
conclusion of each trial, subjects generated their responses by selecting words from a 5-
by-10-word matrix on a computer touch screen. The speech level was held constant at 70
dB HL and the babble set to six different SNRs ranging from +5 to -10 dB in 3 dB
increments to estimate the 50% speech reception threshold SNR. A second version of this
OMT test was run, which was similar to the standard version, but varied in three different
aspects. First, the two different segments of the interfering speech babble were presented
at -90° and +90°, effectively doubling the number of talkers in the babble stream (4
voices to the left, 4 voices to the right of the listener). Second, the rate of speech was
artificially increased using pitch-preserving time compressions. Lastly, the entire test
stimulus was presented in a simulated reverberant listening environment (RTeo = 0.25
seconds) using a similar head-related transfer function procedure. In this more difficult
listening condition, which we call the OMTrc-rev, the SNR range was shifted to +9 to -6
dB in 3 dB increments. Practice tests for the OMTstandard and OMTTc-rev Were presented
before the OMT tests was formally administered. First, two tests of the OMTSstandard Were

presented and a third test followed if the two previous test results differed by more than 3
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dB. The OMTrc-rev followed the standard test using the same procedures (one practice
list, two test lists, and a third list if necessary).

The Masking Level Difference (MLD) test is a measure of how well listeners can
use binaural difference cues to detect a 500-Hz pure tone in background noise. The MLD
threshold is calculated as the difference of the detection thresholds between two different
tone-in-noise tasks: one in which both the 500-Hz signal tone and background noise are
presented in phase across the two ears (NoSo), and one in which the tone is presented in
opposing phase across the two ears (NoSxz). The MLD threshold represents the release
from masking that occurs when a target signal and noise are out of phase with one
another compared to when the signal is in phase across the two ears and depends on
accurate fine temporal encoding and binaural processing. Previous results from the
CAPD Prevalence Study showed that the NoSxz thresholds alone were sensitive to
discriminate blast from non-blast subjects and were therefore selected as part of a
screening criterion for inclusion into the blast or non-blast study groups.

All non-blast control subjects were recruited such that their SSQ scores were
greater or equal to 6.0 and their combined OMTTtc-Rev + NoSx thresholds were less than
or equal to-19.8 dB. Inclusion into the blast-exposed group initially required that
participants have at least one exposure to an explosive blast event and an average SSQ
score < 4.3 or a combined OMTTtc-Rev + NoSx threshold score > -19.8 dB. Later in the
study, the screening criteria for the blast group were dropped as they were found to be too
restrictive, resulting in difficulties recruiting subjects into the blast group. The non-blast

control group had 69 subjects (34 male) with median age of 27 years (range 18 to 48
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years). The blast-exposed group had 20 subjects (all male) with a median age 39.5 years
(range 25 to 52 years).

Informed consent was obtained from all study candidates following guidelines
approved by the Office of Research Protections (ORP) and monitored by the U.S. Offices
of Human Research Protections Office (HRPO) and the Clinical Investigations

Regulatory Office (CIRO).

Table 2.1 Summary of head injury, blast exposure, and post-traumatic stress disorder

Blast

sID  Head injury  From blast Past TBI  close LOC PTA PTSD
115 No N/A No Yes None None Yes
119 No N/A No Yes None None Yes
121 4 Yes 1 Yes <1 min Dazed/Confused Yes
123 3 Yes 1 Yes None Dazed/Confused Yes
125 2 Yes No Yes None Dazed/Confused No
127  No N/A 1 Yes None N/A Yes
142 5+ Yes No Yes 1-30 min  Dazed/Confused Yes
153 No N/A No Yes None N/A No
160 No N/A No No None N/A No
163 3 Yes No Yes >30min  Dazed/Confused Yes
194 1 No No Yes None Dazed/Confused No
199 1 No No Yes <1 min Dazed/Confused No
203 5+ Yes 2 Yes None Dazed/Confused Yes
206 1 Yes 2 Yes <1 min Dazed/Confused Yes
208 No N/A No No N/A N/A No
209 No N/A No Yes N/A N/A No
211  No N/A 5+ Yes None N/A Yes
222 No N/A 1 Yes None None No
226 No N/A 5+ Yes None None Yes
227 5+ Yes 5+ No None Memory loss No

Head injury: sustained while in-service

From blast: blast-induced head injury

Past TBI: head injuries sustained while NOT deployed

Blast close: close enough to feel heat and/or pressure wave

LOC: loss of consciousness

PTA: post-traumatic amnesia

PTSD: post-traumatic stress disorder diagnosis (managed or resolved)
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2.2: Audiological Measures: Pure Tone Thresholds and DPOAEs

Following signing of the informed consent document, all subjects were
administered a standard air conduction pure tone audiogram. Pure tone thresholds were
determined for frequencies of 0.25, 0.5 1, 2, 3, 4, 6 and 8 kHz in both ears.

In addition to audiometric thresholds, we measured distortion product otoacoustic
emissions (DPOAES) in both ears. The goal of the DPOAE test is to determine the
presence of peripheral damage to the outer hair cells of the cochlea. Outer hair cells are
responsible for the non-linear amplification of incoming acoustic signals at the basilar
membrane, which contribute to exquisite frequency resolution in the neural encoding of
spectral features of sound. In a healthy, properly responding cochlea this non-linear
response results in the ear actively generating distortion tones at frequencies not present
in the input stimulus. The standard method to measure these non-linear cochlear
responses is to simultaneously present pairs of pure tone stimuli with an {2/f1 frequency
ratio of 1.22 to the same ear and measure the resulting distortion product emissions at the
cubic difference frequency, 2f1-f2, using a specialized OAE probe. We quantified
DPOAE:s generated from f2 frequencies of 500, 1k, 2k, 3k, 4k, 5k, 6k, 7k, and 8kHz. The
intensity level of the f1 and f2 primary tones were 65 and 55 dB SPL, respectively. Each
DPOAE reflects the integrity of outer hair cell amplification at the region of the basilar
membrane where the test tones overlap. These responses are compared to estimates of the
background noise within the ear canal in the absence of any driving acoustic stimulus.
Typically, DPOAEs greater than 6 dB above the measured noise floor are classified

clinically as “present and normal” (Abdala & Visser-Dumont, 2001).
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2.3: Auditory Brainstem Measures

To quantify auditory brainstem coding fidelity, we included two
electrophysiological measures, the click-evoked auditory brainstem response (ABR) and
the envelope following response (EFR). The click ABR measures the brainstem’s
response to brief transient stimuli and highlights the neural contributions of different
synaptic junctions and brainstem nuclei along the auditory pathway, which are temporally
isolated in the response. The EFR measures how well the steady state response of the
brainstem follows periodic ongoing oscillations such as might be found in steady-state
vowels or harmonic acoustic stimuli.
AUDITORY BRAINSTEM RESPONSE (ABR) TO CLICK

Click ABR waveforms were constructed from the average evoked responses
collected from 1024 trials of a 100-ps pulse stimulus presented at 80 dB nHL over insert-
earphones. Trials were presented in alternating polarities (condensation and rarefaction)
to address the possibility of stimulus artifacts being captured by the recording hardware.
Silver chloride scalp electrodes were placed in the standard vertical montage with the
inverting (-) electrode placed on the earlobe ipsilateral to the stimulus presentation side
and the non-inverting (+) electrode placed centrally on the forehead. Individual trial
responses were amplified by a factor of 100K and bandpass filtered between 100 and
3000 Hz before averaging across trials within a 12-ms analysis window. Data recording
and analysis was all done on the SmartEP hardware/software suite from Intelligent
Hearing Systems (Miami, FL, www.ihsys.com). Of the various stereotypical ABR

waveform peaks, we collected the amplitudes and latencies of Waves I, I1I, and V, which


http://www.ihsys.com/

68

are thought to reflect the neural activity of the auditory nerve, superior olivary complex,
inferior colliculus. respectively. All ABR peak latencies and amplitudes were manually
confirmed by our research audiologist through visual inspection.

ENVELOPE FOLLOWING RESPONSE (EFR)

The envelope following response (EFR) is thought to represent the collective
response of the auditory nerve, brainstem nuclei (cochlear nucleus, olivary complex), and
thalamus (inferior colliculus) to low frequency amplitude fluctuations (the temporal
envelope) of a broadband acoustic stimuli (Kraus, Anderson, White-Schwoch, Fay, &
Popper, 2017). It is common to design EFR-evoking stimuli that are harmonic and
stationary (or at least pseudo-stationary) facilitate analysis in the frequency domain.

The stimulus we chose to evoke the EFR was a high frequency 4096-Hz pure tone
modulated by a low frequency 102.4 Hz, half-wave rectified, lowpass filtered sinusoidal
envelope (Bernstein & Trahiotis, 2002). Working from the assumption that the fidelity of
the neural representation of small fluctuations in the depth of the temporal envelope of
audible acoustic stimuli is dependent on a subset of suprathreshold-responding auditory
nerve fibers, we presented this amplitude modulated stimulus at three different
modulation depths (modulation indices of 1.00, 0.79, and 0.63) and measured the change
in the strength of the EFR to the stimulus envelope. This within-subject metric served as
a way to control for inter-subject differences that contribute to the overall quality and
strength of the EFR, such as head geometry, gender, day-to-day variances such as
electrode impedance, or other related nuisance variables (Bharadwaj et al., 2019). We

hypothesized that activity of the suprathreshold-responding auditory nerve fibers are
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necessary to properly encode small changes in envelope modulation; therefore, we held
the peak-to-peak values of all presented stimuli constant across all modulation depths
relative to the fully modulated stimulus, which was presented at 75 dB SPL PE.

Changes in scalp voltage in response to the amplitude-modulated stimuli were
recorded using a 32-electrode BioSemi (Amsterdam, Netherlands) ActiveTwo active
amplification EEG system at a sampling frequency of 4096 Hz at 24-bit resolution. Raw
voltage responses recorded from electrodes in the standard 10-20 montage were
referenced to the average of the left and right mastoid signals, high-pass filtered at 90 Hz,
and organized into 5-second trial epochs with an additional 100 ms at the beginning and
end of the 5-second interval. These epochs were then further divided into concurrent
97.7-ms sub-epochs corresponding to 10 periods of the 102.4-Hz stimulus envelope. This
epoching scheme resulted in 3180 trial epochs (1590 per polarity) per modulation depth.
Trial epochs with instantaneous voltages that exceeded £80 uV were discarded to remove
artifacts from movement or muscle contractions. Strength of the EFR was quantified by
calculating the response signal-to-noise ratio (SNR) and phase locking value (PLV), a
normalized measure of the inter-trial synchrony of the EFR, as a function of frequency
(Lachaux et al., 1999). The PLV is derived from the per-trial Fourier phase information at
each frequency bin and summarizes the circular phase histogram as a single number such
that a collection of completely random phase vectors will have an expected PLV of zero
and responses that are identical copies of one another will have a value of 1 across all
frequency bins. Noise floor estimates of the magnitude and PLV responses were derived

from time domain reconstructions of individual trial sub-epochs whose phase information
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had been scrambled in the Fourier domain. Both the EFR magnitudes and PLV's were
calculated using methods described in Bharadwaj et al. (2014), which combines data
across the 32 EEG scalp electrodes and has been shown in improve the response signal-
to-noise ratio.

The EFR-evoking stimuli were designed to be presented simultaneously during
the cue and stimulus interval of the Visual Selective Attention (VSA) task—details
explained in the following section. This resulted in 180 five-second long stimulus
presentations (30 per modulation depth x 3 modulation depths x 2 polarities) randomized
across all conditions on a trial-by-trial basis. The five-second stimuli were presented in
alternating polarities (condensation and rarefaction) to cancel out any possible stimuli-

related artifact that may have been captured by the scalp electrodes.

2.4: Selective Attention Tasks

AUDITORY SELECTIVE ATTENTION (ASA) TASK

The auditory selective attention task used in this study was the same as the easier
“different pitch” condition described in Bressler et al. (2016). Briefly, each trial consisted
of three simultaneously running melodies with non-overlapping note onsets. Each of the
melodies consisted of only two pitches that occupied different frequency ranges (600-726
Hz, 320-387 Hz, and 180-218 Hz) and were perceived as coming from different positions
along the horizontal plane by imposing different interaural time differences on each
melody. Subjects were instructed to attend one of the three melodies by means of an

informative audio-visual cue and report back the pitch contour resulting from these
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simple two-pitch melodies (rising, falling, or zig-zagging). We included a “passive”
listening control condition where subjects were presented with only a visual cue (a
diamond positioned in the center of the computer monitor), which signified to the
subjects to let the trial pass without registering an answer in the prescribed response
interval. Any responses entered during these trials were considered as errors in response
inhibition.

VISUAL SELECTIVE ATTENTION (VSA) TASK

Results from the Veterans’ Study (Bressler et al., 2016) led us to conclude that
poor performance in the Auditory Selective Attention task might be cognitive in nature
and not due to perceptual problems resulting from poor neural representation of the
auditory information encoded in the sensory periphery. However, because all of the
Veteran study participants had clinically confirmed post-traumatic stress disorder (PTSD)
diagnoses it was not possible for us to determine whether the cause of their cognitive
dysfunction was due to blast-induced mild traumatic brain injury, their PTSD status, or
some combination of the two.

In the present study at WRNMMC, we recruited active duty Service Members
with and without exposure to blast. Although a little over half (n=11) of the blast-exposed
subject (n=20) reported having a PTSD diagnosis, the inclusion criteria required all
eligible participants to have their PTSD managed and under control at the time of the
experimental sessions. Given our access to this unique subject population, we
hypothesized that if poor cognitive performance was due to diffuse blast-induced trauma

to cortical networks associated with attention, these deficits might be generalizable to
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other sensory domains as well. To test this hypothesis, we developed a visual task that
was analogous to the Auditory Selective Attention (ASA) task.

In place of the simple two-pitch melody from the ASA task, we directed subjects’
attention to two small outward pointing arrows positioned at approximately 4.8°
eccentricity to the left and right of a central fixation dot on a computer monitor. The two
sets of arrows flashed on and off at different isochronous rates, randomly changing their
angular rotation by +10° at their fixed positions. Changes in angular rotation mimicked
that of the rising, falling, and zig-zagging contours of the melodic task. For example, for
a rightward facing arrow, a rising contour for a three-arrow sequence could be angular
positions of [0° 0° +10°] or [0° +10° +10°]. Similarly, a zig-zagging three-arrow
sequence could be [0° -10° 0°] or [0° +10° 0°]. Note that in each case the starting
position of the left and right arrows was always along the horizontal axis (0° and 180°).
The timing of the left (“leading”) sequence of arrows began 600 ms after the start of the
stimulus period and changed every 600 ms for four changes. The timing of the right
(“lagging”) sequence of arrows started 150 ms after the first leading arrow and changed
every 750 ms for three changes. To make the task marginally more challenging, an
additional 6 arrows were positioned at radial locations in 45° increments from the
horizontal target arrows at the same 4.8° eccentricity. These arrows randomly changed
their relative angular rotation by +10° in anti-symmetric pairings (i.e., 45° and 225°, 90°
and 270°, 135° and 315°) once every 1000 ms for three changes at the beginning of the
stimulus interval (see Figure 2.1). 1250 milliseconds prior to the stimulus interval,

subjects were cued to direct their attention to either the left or right arrow stream via a
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500-ms duration left- or right-facing wedge (< or >) located near the central fixation dot.

As with the ASA task, for a third of the trials, subjects were presented with a diamond

shape (¢) signifying that they should keep their gaze centered on the central fixation dot
and passively wait for the trial to end and refrain from entering any response during the 3
second response interval. Responses for the attend trials were classified as either correct,

incorrect, or no response. Responses entered during the passive listening trials were

classified as inhibition errors (IE).

- - -
I
[ [ ' )
Attend Left (leading stream) Always lgnored Attend Right (lagging stream)
example of FALLING contour
example of RISING contour example of ZIG-ZAG contour

Visual Stimuli ~ —e— —-— W W anti-symmetric arrow pairs once per onset interval . = —~a

I
Auditory Stimuli I

Figure 2.1: Visual Selective Attention task. Graphical representation of the analogous “rising, falling,

and zig-zagging” melodic contours from the Auditory Selective Attention task are provided for
reference.
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2.5: Neuropsychological Test Battery

To determine whether other cognitive factors may have influenced performance
on the auditory and visual selective attention tasks, all study participants were
administered a collection behavioral neuropsychological screening tests specifically
selected to measure attentional processing, processing speed, and memory. A majority of
these tests were taken from the Woodcock-Johnson III Test of Cognitive Abilities
(Schrank, 2010), which are identified with the abbreviation “W-J III” in the following
descriptions. Most of these tests are visual only tests, thereby bypassing any potential
confounds due to distortion in the auditory periphery.

Warrington Recognition Memory Test (RMT): The RMT is a quick test used to
detect neuropsychological deficits, suspect effort, and response bias (Kim et al., 2010;
Warrington, 1984). The test is comprised of two parts. In the first part, subjects are
presented with 50 written words one at a time every 3 seconds. The task is to simply
decide whether the word is pleasant or unpleasant. For example, the word “warm” might
be pleasant while the word “freezing” might be unpleasant. There are no right or wrong
answers to this portion of the test. In the second part of the test, each of the 50 words is
presented again along with a distractor word and the subject is asked which of the two
words was previously presented and to do so as fast as they can. Subjects are scored
based on the number of words correct (out of 50) and the response time to evaluate all 50
words.

Trails Making Test (TMT) Parts A and B: The TMT is a commonly run test to

measure visual attention, processing speed, mental flexibility, and executive function
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(Tombaugh, 2004). The task requires subjects to connect a series of targets that have been
randomly distributed on a printed page or computer touch screen in a particular
sequential order. Part A has the subject connect encircled numbers (1-25) in order. Part B
is considered the more executively demanding task; it requires the subject to divide and
switch their attention between both numbers and letters by connecting them in alternating
order (e.g., 1 —A—-2-B—-3-C...). The TMT is a useful indicator of neurological
integrity in adults (Tombaugh, 2004). Long completion times have been linked to the
presence and severity of head injury(Peridnez et al., 2007). Additionally, speech
comprehension in complex background noise has been partially predicted by TMT
performance in a sample of normal hearing and hearing-impaired listeners (Woods,
Kalluri, Pentony, & Nooraei, 2013).

Stroop Task: The Stroop task is a visual executive function measure of inhibitory
control (Stroop, 1935). The task consists of three parts, each of which requires subjects to
read back the contents of three different lists within a 45-second time interval. Two of the
lists represent “congruent” conditions where the subject simply has to 1) read back a list
of color words printed in black (W) and 2) call out the color of a series of color patches
(C). In the third “incongruent” condition (CW), subjects are presented with a list of color
words written in colors that inconsistent with the word meaning (e.g., the word “red” may
be printed in yellow) and are tasked with reporting back the color the word is printed in,
suppressing the natural response to read back the word itself. Results are scored
according to the method proposed by Golden (1978), which derives a predicted

incongruent condition (Pcw) and an interference score (IG) using the following formulas:
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Pew =W X C)/(W+C) (1)

IG=CW—Pcw ()

Positive IG values are associated with the ability to successfully inhibit word reading in
the incongruent (CW) condition, with smaller IG values indicative of increased difficulty
in inhibiting interference. Negative IG values can be interpreted as a pathological
inability to inhibit interference (Scarpina & Tagini, 2017) .

The Stroop task was included because the ability to inhibit attention to one
component of a stimulus in favor of another may be similar to the demands imposed
when a listener attempts to attend one conversation in the presence of competing
conversation or distracting background noise.

Staggered Spondaic Word (SSW) Test: The SSW is a measure of the integrity
of the central auditory system (Katz & Smith, 1991), which has recently been found to be
sensitive to blast exposure (Gallun et al., 2012). It is a dichotic word test in which
subjects are presented with two overlapping spondees (two-syllable compound words
with equal stress on both syllables, such as “upstairs” or “downtown”). Different
spondees are presented to each ear, with the last syllable of the first spondee overlapping
with the first syllable of the second spondee presented in the opposite ear. This creates
both competing (overlapping) words and non-competing (non-overlapping) words within
each spondee. Subjects must report back both words starting with the ear receiving the

first spondee. Because the ear that receives the first spondee is randomly selected
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independently on each trial, four listening conditions are created: 1) Right Ear, Non-
Competing, 2) Right Ear, Competing, 3) Left Ear, Competing, and 4) Left Ear, Non-
Competing.

Speed and Capacity of Language Processing (SCOLP) Test: The SCOLP is a
measure of cognitive processing speed that is sensitive to cognitive slowing due to brain
injury (Saxton et al., 2001). The SCOLP is administered in two parts: 1) a Speed of
Comprehension Test and 2) Spot-the-Word Test. The Speed of Comprehension Test
requires the subject to read a series of simple statements and classify them as true or false
as rapidly as possible. The statements are designed to reflect everyday commonsense
knowledge about the world. Poor performance on this task is indicative of either brain
damage or poor verbal abilities. The Spot-the-Word Test is run to differentiate between
these two possibilities. In the Spot-The-Word Test, subjects are presented with a pair of
pronounceable words, one real word and one non-word. The subject is asked simply to
identify the real word; they are not required to pronounce it back to the tester or provide a
definition. Performance on the Spot-the-Word Test provides a reference of vocabulary
knowledge and provides a framework for interpreting the results of the Speed of
Comprehension Test. Subjects are given two minutes for each test to complete as many
trials as possible.

Rapid Picture Naming Test (WJ-III): The Rapid Picture Naming Test is a
measure of lexical access and recall, a skill that has been linked to the ease of language
understanding (Ronnberg, Rudner, Foo, & Lunner, 2009), particularly in complex

listening environments. In this test, subjects are presented with a large set of familiar
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pictures and are asked to name the objects as quickly as possible, traversing the set in
order. Scores are based on the number of objects correctly identified within the two-
minute test period (McGrew, LaForte, & Schrank, 2014).

Decision Speed (WJ-III): As its name implies, the Decision Speed test is a
measure of processing speed within the context of conceptual reasoning. In this task,
subjects scan rows of line drawings and identify the two drawings that are the most
related by drawing a circle around them. Scores are based on the number of correctly
identified pairs within the two-minute test interval. The Decision Speed test was selected
as an index of visual processing speed and a measure of how quickly subjects can make
simple semantic associations.

Pair Cancellation (WJ-III): Another measure of cognitive processing speed, the
Pair Cancellation test also is a measure of sustained attention, concentration, and the
ability to control interference (Schrank, 2010) — abilities critical for speech
comprehension in the presence of interfering sounds. In this test subjects are instructed to
circle as many instances of a repeated pair of pictures (e.g., a picture of a dog followed by
a picture of a ball) found within rows of other randomly ordered pictures within two
minutes.

Understanding Directions (WJ-III): The Understanding Directions test is a
measure of short-term working memory and working memory capacity (McGrew et al.,
2014). In this test, subjects respond to increasingly complex spoken instructions by
pointing to various items in a picture. Throughout the task, subjects must not only

comprehend and store the verbal instructions, but also make simple decisions based on
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the picture before responding. Performance on this task depends on the subject’s ability
to listen, comprehend, and remember what the test administrator says, integrate the
message with contextual information or prior knowledge, and then respond appropriately.
All subjects performed two trial blocks, with a majority of subjects (72 of 77 control; 20
of 22 blast-exposed) also performing a third trial block provided their combined score
from the first two blocks was > 13.

Retrieval Fluency (WJ-III): The Retrieval Fluency test is measure of the speed
of verbal retrieval requiring elements of self-monitoring and cognitive flexibility. In this
test, subjects are given a semantic category (e.g., things to eat and drink, first names of
people, or animals) and asked to name as many items as possible belonging to that
category within a one-minute time interval (McGrew et al., 2014).

Numbers Reversed (WJ-III): The Numbers Reversed test is a measure of
auditory working memory that requires subjects to store and repeat back, in reverse order,
increasingly long lists of orally presented numbers. Working memory ability has been
linked to speech comprehension in noise in both normal-hearing and hearing-impaired
individuals (Ronnberg et al., 2009).

Story Recall (WJ-III): Story Recall test, originally part of the Tests of
Achievement, now moved to the Tests of Cognitive Ability in the Woodcock-Johnson IV
test battery, is a measure of the cognitive processes involved in acquiring, storing, and
retrieving information. Subjects are read passages of gradually increasing length and
complexity and are asked to recall certain elements of the stories. This test was included

to determine if the communication problems reported in the blast-exposed subject
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population may be due to a reduced ability to receive information and recall spoken
information. All subjects were read stories 7 and 8 from the testing manual and scored
accordingly.

Reading Span Task: The Reading Span Task measures both the processing and
storage components of working memory capacity (Daneman, Carpenter, 1980, 1980). In
this task, subjects are instructed to read aloud a series of 2 to 6 short, simple sentences on
a computer screen. All of the sentences are grammatically correct; however, some are
purposely constructed to be non-sensical. After each sentence presentation, subjects are
instructed to determine whether or not the sentence made sense. After a predetermined
number of sentences presentations, subjects are additionally instructed to recall either the
first or last word of all of the sentences presented in that block. Scoring reflects the
percentage of correctly identified sentence semantics as well as the percentage of
correctly recalled words.

Listening Span Task: The Listening Span Task is the auditory working memory
analog to the Reading Span Task. In this task, the sentences are presented over
headphones instead of on a computer monitor. Task instructions and scoring are identical

to those of the Reading Span Task.
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3: Results

3.1: Auditory Sensory Periphery

3.1.1: Pure tone air conduction thresholds

Pure tone air conduction audiometric thresholds are summarized in Figure 2.2.
Even though, on average, both groups demonstrate thresholds that can be clinically
classified as normal hearing (-10 to 15 dB HL) to a slight hearing loss (16 to 25 dB HL)
(ASHA, 2015), thresholds in the blast group are slightly greater in the blast-exposed
group than those in the non-blast controls. This is particularly true for right ear thresholds
across all measured frequencies. Statistical comparisons are based on a Wilcoxon rank
sum test with asterisks representing significant differences within frequency and ear after
applying a Benjamini-Hochberg correction (false discovery rate = 0.05) for multiple
comparisons (Benjamini & Hochberg, 1995). Note that the number of subjects included
in each group represent all consented subjects who were classified as study eligible. Not

all of these subjects went on to complete the electrophysiological data collection sessions.
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Figure 2.2: Air conduction pure tone thresholds. Asterisks (*) denote statistically significant
differences between Controls (green filled circles) and Blast-Exposed (black open circles).
Data expressed as mean + SD.

3.1.2: Distortion Product Otoacoustic Emissions (DPOAEs)

Both blast and non-blast groups, on average, had measurable distortion product
otoacoustic emission that were at least 6 dB above noise floor. Similar to what was
observed in the audiograms (Figure 2.2), otoacoustic emission values from the blast-
exposed group were slightly lower than those of the non-blast controls. These differences
reached statistical significance between frequencies of 4 kHz to 6 kHz in both ears
(Figure 2.3). Statistical comparisons are based on a Wilcoxon rank sum test with asterisks
representing significant differences within frequency and ear after applying a Benjamini-

Hochberg correction (false discovery rate = 0.05) for multiple comparisons.
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Figure 2.3: Distortion Production Otoacoustic Emissions (DPOAEs) with Noise Floor measures.

Asterisks (*) denote statistically significant different between Controls (green filled circles) and
Blast-Exposed (black open circles). Data expressed as mean + SD.

3.1.3: Auditory Brainstem Responses
Peak amplitude (Figure 2.4) and latency (Figure 2.5) responses of auditory
brainstem waves I and V for the control and both blast groups (blast+ and blast-) are

summarized below.
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Figure 2.4: Wave I and Wave V auditory brainstem response (ABR) peak amplitudes in response to a
100-ps click presented at 80 dB nHL.
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100-ps click presented at 80 dB nHL.
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Figure 2.6: Auditory Brainstem Response Wave V-I ratio

Although amplitudes and latencies for the ABR peaks were within expected ranges, there
are no statistical differences between the blast-exposed and non-blast control groups for
any of the three auditory brainstem response measures. As of the writing of this thesis,
we are still actively trying to recruit new study candidates into the blast-exposed group

with the hopes of increasing the statistical power of these preliminary results.

3.1.4: Envelope Following Response (EFR)
The across-subject-averaged magnitude responses to the 102.4-Hz fo component
of the response envelope relative to noise floor (SNR) in dB are summarized in the left
side subplot in Figure 2.7a. The boxplots behind the mean + SEM error bar are included

to highlight the large degree of variance in these measures, even within the non-blast
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exposed control data. Although the absolute envelope following response measures (left
subplot) between the blast-exposed group are not statistically different from those of the
non-blast controls across the different modulation depths (Wilcoxon rank sum: MDI =
1.00: z=0.6897, p = 0.4904; MDI = 0.79: z=-1.4824, p = 0.1382; MDI 0.63: z =
0.5311, p=0.5953), how these responses change as the modulation depth decreases is. In
the non-blast control group, the response SNR to the fully modulated stimulus tone (MDI
= 1.00) is approximately 19 dB, then drops to 14.6 dB with a 21% drop in envelope
modulation depth and remains unchanged when the modulation depth index is further
reduced to 0.63 (Friedman’s y2(2) = 25.9259, p = 2.3456¢-6). By contrast, the blast-
exposed subjects’ EFRs at both the fully modulated and 0.79 modulated depth remain the
essentially unchanged and then drop to 12.7 dB in response to the 63% modulated
stimulus (Friedman’s %2(2) = 9.3846, p = 0.0092).

Because individual EFRs varied considerably, we also looked at within-subject
differences in EFR strength as the envelope modulation depth was systematically
decreased across the three different modulation depth index (MDI) values. The advantage
of this particular difference metric is that it factors out non-stimulus-related sources of
variance in the absolute EFR measures such as differences in head size and geometry,
day-to-to differences in electrode-to-scalp impedance (Bharadwaj et al., 2015; 2019).
These results are summarized as the “EFR Slopes” in the righthand subplot plot in Figure
2.7a. A comparison across groups shows that the EFR slope values are different for blast
and non-blast groups at both increments of modulation depth change (6MDI 1.00 — 0.79:

Wilcoxon z = -2.5276, p =0.0057; oOMDI 0.79 — 0.63: Wilcoxon z=2.1731, p = 0.0149).
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The direction and magnitude of these slopes is consistent with what was observed in the

absolute EFR values in the right-hand subplot of Figure 2.6.
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Figure 2.7a: Envelope Following Response SNR in dB. (left): Across-subject averaged absolute EFR
measures (right): Across-subject averaged EFR slope measures defined as the within-subject
difference of the absolute EFR measures between sequential modulation depth increments (left). Line
plots with error bars represent the across-subject average = SEM. **¥p << (.001 **p < 0.01 *p < 0.05

As several studies have found that the auditory brainstem response degrades with
age (Bramhall, Ong, Ko, & Parker, 2015; Jerger & Hall, 1980; Makary, Shin, Kujawa,
Liberman, & Merchant, 2011), we re-ran our analysis to only include control subjects 25
years of age and older, the age of the youngest blast-exposed subject. This age matching
of the non-blast control group reduced the median age difference between groups to 8.5

years (39.5 versus 31 years) from 12 years (39.5 years versus 27.5 years). The results are



88

summarized below in Figure 2.7b. Although the change in the absolute EFR values as the
function of envelope modulation depth index is more gradual than that of the full control
group dataset (Friedman’s y2(2) =20.42, p << 0.001), the within-subject slope values still

preserve the differences between the blast and non-blast groups.
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Figure 2.7b: Age-matched Envelope Following Response (EFR) SNRs in dB. Across-subject averaged
absolute EFR measures (right): Across-subject averaged EFR slope measures defined as the within-
subject difference of the absolute EFR measures between sequential modulation depth increments
(left). Line plots with error bars represent the across-subject average + SEM. *p < 0.05

3.1.5: Speech-in-Noise performance: Oldenburg Matrix Test
We tested speech in noise performance using the Oldenburg Matrix Test (OMT).
Results for both the standard and time-compressed, reverberant (TC-Rev) versions of the
test are summarized in Figure 2.8. Recall that the TC-Rev version of the test is where the

rate of target speech was artificially increased and presented in multi-talker babble in a
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simulated reverberant setting. It was also the version that we used as part of the three
factor inclusion criteria for determining assignment into both blast and non-blast controls
groups.

For both the standard TC-Rev versions, controls performed better than blast-
exposed subjects, exhibiting lower target speech reception thresholds. Statistical
comparison of controls versus blast-exposed groups based on Wilcoxon rank sum
analysis [standard: rank sum = 2625.5, z=-4.0779, p = 2.2726e-05; “speedy”’: rank sum

=2788,z=-2.3248,p=0.01].
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Figure 2.8: Results from two version of the Oldenburg Matrix Test of speech-in-noise performance.
Statistical comparison based on Wilcoxon rank sum test. ***: p<<0.001, **: p<0.01



3.2: Cortical Measures of Selective Attention

3.2.1: Auditory Selective Attention (ASA) Task

Behavioral results for the Auditory Selective Attention (ASA) task, for which
chance performance for the attend conditions was 1/3, are summarized in Figure 2.9.
When instructed to attend either the leading or lagging melodic stream, both non-blast
controls and blast-exposed subjects performed equally well, at levels at or near ceiling.
On average, performance for the non-blast controls was 86% correct for the attend
leading condition and 90% for the attend lagging condition. Blast-exposed subjects, on
average scored 87% for the attending leading and 88% for the attend lagging cases
(Wilcoxon rank sum: Attend Leading: z =0.9422, p = 0.9422; Attend Lagging: z =
1.2864, p = 0.0992). Additionally, the results show both non-blast controls and blast-
exposed subjects remained fully engaged in the task throughout the duration of the
experiment, as evidenced by the low proportion of trials where subjects failed to enter a
response when instructed to attend to one of the two melodies (1% of the trials for non-
blast controls, 2% of the trials for the blast-exposed group; Wilcoxon rank sum: z = -
2.5442, p = 0.9945).

The passive listening condition was included to identify whether subjects had
problems with inhibitory control, a symptom related to impulse control and commonly
reported in victims of traumatic brain injury (Dimoska-Di Marco, McDonald, Kelly,
Tate, & Johnstone, 2011). “Inhibition Errors” are errors in the passive condition where
subjects were instructed to refrain from responding during the response interval. The

proportion of these errors was generally low for almost all subjects (median values:

90
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Controls = 3%, Blast-exposed = 6%), with the exception for a few outliers in the control
group and a few subjects in the upper quartile in the blast-exposed group. There was,
however, no difference in the proportion of these errors between the two groups

(Wilcoxon rank sum: z = -1.6241, p = 0.0522).
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Figure 2.9: Behavioral results from the Auditory Selective Attention (ASA) task

Figure 2.10 shows the across-subject average auditory evoked response potentials
(averaged across frontal-central electrodes AF3, AF4, F3, F4, and Fz) to identical three-
melody stimuli under the three different attentional conditions: attend to the leading
melody (red), attend to the lagging melody (blue), and the passive listening case (black).
Mean performance for the blast group (bottom subplot) across all three experimental
conditions are remarkably similar to those of the non-blast controls (top subplot).

Statistical comparisons across all three attentional conditions using a non-parametric
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cluster-level analysis method (Maris & Oostenveld, 2007) showed no differences at any
time point within the trial epoch between the blast and non-blast controls. The test
statistic we used was based on the sum of clustered time-adjacent samples with t-values
(two-sample t-test, df = 62) exceeding a user-selected 95w quantile threshold of a two-
tailed t-distribution. The null distribution and corresponding 5% alpha significance level
of this test statistic was derived through 1000 group-level permutations.

The shaded regions in both subplots highlight the contrast between the attend
leading and attend lagging conditions. Consistent with what we have observed previously
(Bressler et al., 2016; Choi et al., 2014), both groups show enhanced N1 peak responses
to the onsets of the individual notes of the attended melody compared to when that
melody is ignored. Pink-shaded regions show when the N1 response peaks in the attend
leading conditions are stronger (more negative) compared to the attend lagging/ignore
leading condition. These regions coincide with predicted N1 peak latencies,
approximately 120 milliseconds after note onset (highlighted by the red vertical lines).
Similarly, the light blue-shaded regions show enhanced N1 responses to the last two note
onsets of the attended lagging melody (see blue vertical lines for reference). Because the
cluster-level analysis was performed on the entire trial period, there are also regions that
highlight differences between the later P2 peaks (positive peak deflections 200
millisecond post note onset) in the attending leading case (red line plot); this is largely
the results of the temporal spacing of the note onsets in leading melody and their position

relative to the notes in the competing lagging melody.
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Figure 2.10: Auditory Selective Attention grand average evoked response potentials (ERPs). These
evoked responses are to the same three-melody stimulus under different attentional conditions:
attend to the leading melody (red), attend to the lagging melody (blue), and passive listening (black).

3.2.2: Visual Selective Attention (VSA) Task
Behavioral results to the Visual Selective Attention (VSA) Task are summarized
in Figure 2.11. As with the auditory task, subjects from both groups, on average,
performed at or near ceiling. Average performance for the non-blast controls was 92.5%
correct for the attend leading and 93.2% for the attend lagging conditions with subjects
failing to respond to only 1.6% of the attend trials. Blast-exposed subjects averaged

91.7% and 93.1% on the attend leading and attend lagging tasks, respectively, with a non-
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response rate of 3.3%. Inhibition errors were similarly low; 2.2% for the controls and just
0.9% for blast. Wilcoxon rank sum comparisons showed no difference between controls
and blast-exposed subject performance on any of the four test measures (Attend Leading:
z=0.8349, p =0.2019; Attend Lagging: z =-0.2535, p = 0.6000; Inhibition Errors: z =
0.7097, p = 0.2390; No Responses: z =-0.8087, p = 0.7906). A correlation scatter plot
comparing total overall performance between the VSA and ASA tasks (Figure 2.12)
shows that subjects who performed well on the auditory task also did well on the visual
task. The plot also hints at the visual task being marginally easier, with a majority of the
points falling above the equal-performance diagonal line. The disparity in numbers of
subjects between Figures 2.9 (ASA) and 2.11 (VSA) comes from the fact that the VSA
task was modified to its current form early on in the project resulting in an incomplete set
of matching VSA/ASA results for five subject, plus an additional two other subjects who
were disqualified from the ASA task because they were unable to perform the melody

contour identification task on a single melody presented in isolation.
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Figure 2.11: Behavioral results from the Visual Selective Attention (VSA) task

Figure 2.12: Correlation scatter plot comparing overall performance in the auditory (ASA) and

VSA (arcsin units)
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Because neural responses to visual stimuli are primarily represented in the
hemisphere contralateral to the side of stimulus presentation (Jeong & Xu, 2016; Silver &
Kastner, 2009), plots summarizing the visually evoked onset responses to the VSA task
are split across Figures 2.13a and 2.13b. The individual plot lines represent the average of
three parietal-occipital EEG channels in the left (P3, P7, and PO3) and right (P4, P8, and
P04) hemisphere.

Overall, both control and blast-exposed groups show evidence of stereotypical
N1-P2 visually-evoked responses (Luck, 2005) in the hemisphere contralateral to the
attended visual hemifield for both the leading or lagging stimulus streams. By
comparison, apart from the observed peaks in and around the cue interval (-1250 ms to -
500 ms), there is little if any evidence of an N1-P2 response in the passive condition.

In the control group, the left hemispheric parietal-occipital channels (Figure
2.13a, top subplot) show a sharp negative peak around 180 ms after the onset of the first
arrow flash at 930 ms in the contralaterally presented (right visual field) attended lagging
stimulus stream (blue). This 180-ms timing is consistent with the expected peak latency
of an N1 response at posterior electrode locations (Luck, 2005). Expected 180-ms N1
latencies to the other stimulus onsets are highlighted by the vertical lines that span the
entire plot and are color coded to match the three different visual stimuli. Following this
initial N1 response is a strong P2 response that peaks 320 ms post-onset at 1070 ms.
Similar N1-P2 responses are observed for the second and third arrow onsets of the
lagging stream. The N1 responses appear to maintain their intensity throughout, while the

P2 responses appear to weaken by the end of the stimulus interval. By contrast, the first
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arrow onset of the leading stimulus (red), which was presented from the ipsilateral (left)
visual field, did not elicit an observable N1. N1 responses are present for the remaining
three onset intervals; however, only the last two N1 peaks were found to be statistically
different from the attend lagging condition within the same analysis time window. Like
the responses to the attended lagging stream, significant P2 peaks are present for all four
stimulus onsets of the leading stream when attended, which also show signs of weakening

throughout the stimulus interval.

Left Parietal-Occipital ERPs

5 —
—_ Att Leading
o < Att Lagging
2 3 Passive
n O
- 0 -
£ S
c O
o >
(&
-5 1 1 1 I 1 ]
-2 -1 0 1 2 3 4
Time (seconds)
@ 57
-
11
s —~
‘_g =
o 2
o & 0Ff
2
W ©°
O
|7}
8
m _5 1 L 1 1 1 I
-2 -1 0 1 2 3 4

Time (seconds)

Figure 2.13a: Visually-evoked ERPs from left hemispheric parietal-occipital EEG channels. Colored
vertical lines correspond to the estimated N1 onset latency to each arrow stimuli: attend leading
(red), attend lagging (blue), and the interfering stimulus that was always ignored (black). Areas
shaded in gray represent statistically significant differences (p<0.05) between attend leading and
attend lagging conditions.
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In the right hemisphere of control subjects (Figure 2.13b), strong N1-P2
complexes are observed in response to each of the four onsets of the attended leading
stimulus (red line plot) presented in the left (contralateral) visual hemifield. As with the
left hemispheric responses, the P2 responses in the right parietal-occipital region also
appear to weaken throughout the stimulus presentation interval. A slightly different
pattern of responses is observed when attention is directed to the ipsilaterally presented
lagging stimuli (blue line plot). While there does not appear to be a noticeable N1
response to the first onset of the lagging stream, there is a diffuse N1-like peak that
overlaps with the expected N1 latency of the first onset of the leading stream with a
secondary negative peak midway between the expected N1 latencies of the first onsets of
the leading and lagging stimulus streams. The subsequent N1 peaks (at 1680 ms and 2430
ms) to the attended lagging stream are also present but are not statistically different from
the attend leading responses within the same time regions. Strong P2 responses are
present for each of the arrow onsets of the attended lagging stimulus stream, which also

weaken slightly by the third and final onset.
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Figure 2.13b: Visually-evoked ERPs from right hemispheric parietal-occipital EEG channels

Although the grand average responses from the blast-exposed group appear to be
slightly noisier than those of the non-blast controls, they still have recognizable N1-P2
peak morphologies. Individual statistical comparisons within each of the three attentional
conditions (attend leading, attend lagging, and passive) show no significant difference at
any time point within the stimulus presentation interval between the blast and non-blast
control groups. However, comparisons between the attend leading and lagging conditions
within the blast-exposed group reveal this contrast is not as defined as it is in the control

group. This is particularly true for the N1 peak responses to contralaterally presented
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stimuli, as demonstrated by comparatively fewer gray shaded areas highlighting regions
of statistically significant differences (p<0.05) between the attend leading and lagging
conditions. Like the N1 responses, the accompanying P2 responses also exhibited smaller
time regions of statistical difference between the attend leading and attend lagging

conditions in both left and right parietal hemispheres.

3.3 Cognitive Test Battery

A complete summary of the results from the full cognitive test battery is provided
in Table 2.2. Performance scores for control and blast-exposed subject groups are
compared using one-tailed non-parametric Wilcoxon rank sum tests. The number of
participants for each test reflects data collected as part of the larger three-site CAPD
Prevalence study, of which the Walter Reed was one of the three sites. Not all subjects
completed every test in the test battery. While a majority of these tests failed to identify
any significant differences in performance between the control and blast-exposed subject
groups, a few tests did, and are described in detail below.

Of the two sub-tests of the Speed and Capacity of Language Processing (SCOLP)
test, control subjects’ performance was consistently better than blast-exposed subjects on
measures of the Speed of Comprehension Test. Recall that in this test, subjects read a
series of simple statements and classify them as either true or false. Not only did control
subject manage to get through approximately 25% more sentences in the two-minute trial
interval (mean = SD: 42.13 £ 9.60 versus 31.32 £ 11.24), they also were more accurate in
correctly identifying the semantic validity of these sentences. Note, that while

performance was at ceiling (mean + SD: 0.98 + 0.03 versus 0.96 + 0.05), a larger
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proportion of control subjects achieved perfect scores compared to the blast-exposed
group.

Performance on the Stroop Task yielded mixed results. Blast-exposed subjects
correctly identified fewer word (W) and color (C) trials within the given 45-second time
interval compared to non-blast controls but performed similarly to controls in the more
challenging incongruent (CW) condition. Of the two derived scores, only the predicted
incongruent (Pcw) score showed controls had a higher predicted capacity to score better
on the incongruent condition. The interference score, which is a measure of a subject’s
ability to inhibit their natural inclination to report back the word instead of the color of
the incongruently paired CW stimuli, showed no difference between the two groups.

Control subjects also scored comparatively better on four other cognitive tests:
Decision Speed (WIJ-III), Understanding Directions (WJ-III), Story Recall (WJ-III), and
List Span tests. For both the Decision Speed and Understanding Directions tests, control
subjects scored better on only one of the three presented trial blocks, Task 3 for the
Understanding Directions test and Story 2 for the Story Recall.

It is important to restate that the data in Table 2.2 summarizes the cognitive test
battery results from 77 subjects across three different research sites. The subject
demographics in this larger dataset is similar to that of the smaller Walter Reed subject
dataset in that the 77 non-blast controls were significantly younger (median age: 28
years) than the 22 blast-exposed subjects (median age: 40.5). To control for the
confounding factor of age, we ran a linear regression test on the residualized blast-group

measures after regressing out the age covariate. In instances where the residuals exhibited
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non-constant variance (heteroskedasticity), we performed a follow-up Wilcoxon rank
sum comparison on subset of age-matched control subjects whose age was > 29 years
(the age of the youngest blast subject). This age-matching sub-analysis resulted in a
median control group age of 35 years reducing the age disparity between groups to 5.5
years. The linear regression analysis revealed significant effects of blast exposure on the
two SCOLP measures in the Speed of Comprehension test: the percentage of correctly
identified sentence semantics (t =-3.1309, p = 0.023) and the number of sentences
presented (t=-3.0157, p = 0.0033). Of the remaining cognitive test, only the Listening
Span test showed differences between the blast and non-blast groups in both the
percentage of correctly recalled words (rank sum = 1219.5,z=2.0913, p = 0.0183) and
the percentage of correctly identified sentence semantics (rank sum = 1203.5, z = 2.4795,

p = 0.0066).
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Table 2.2 Summary of cognitive test battery performance

CONTROLS BLAST-EXPOSED Wilcoxon: Control vs Blast
ScoLp n Mean * SD n Mean * SD Rank Sum z-score p-value
% correct symantics| 76 0.98 + 0.03 22 0.96 + 0.05 4012 2.2921 0.0110
#ofsentences presented| 76 42.13 * 9.60 22 31.32 + 11.24 4226.5 3.9549 0.0000
#of correct words| 76 47.86 * 4.57 22 47.41 + 431 3836 0.6285 0.2648
Stroop Task
Word (W)score| 72 107.11 + 17.17 21 96.57 + 12.28 3657.5 2.5095 0.0060
Color (C)score| 72 91.76 + 18.22 21 83.38 + 15.29 3612.5 2.0960 0.0180
Color-Word (CW) score| 72 65.13 + 15.42 21 61.19 + 14.69 3490.5 0.9744 0.1649
Predicted CW (Pcw)score| 72 49.16 * 8.71 21 44,47 + 6.46 3658.5 2.5177 0.0059
Interference (IG) score| 72 15.97 + 10.74 21 16.73 + 11.15 3323 -0.5559 0.5783
Trails Making Test
Test A| 73 30.62 + 12.73 22 34.64 £+ 15.56 3416.5 -0.7683 0.2212
Test B| 73 70.99 + 37.77 22 80.55 + 41.39 3345.5 -1.3945 0.0816
Staggered Spondaic Word
% correct| 75 82.67 + 21.15 22 81.41 + 26.69 3589 -0.7605 0.4469
Decision Speed
score/time| 72 0.21 + 0.03 22 0.19 + 0.03 3656 2.1041 0.0177
Pair Cancelation
score/time| 72 0.47 = 0.10 20 0.44 + 0.11 3520.5 1.6282 0.0517
Retrieval Fluency
score| 75 89.79 + 16.89 22 85.23 + 18.87 3781.5 0.9136 0.1805
Rapid Picture Naming
score/time| 70 1.19 + 0.22 21 1.08 + 0.27 3393 1.6249 0.0521
Numbers Reversed
score| 73 5.55 + 3.20 21 4.76 =+ 3.46 3591.5 1.1278 0.1297
Understanding Directions
Task 1 score| 73 10.89 * 6.03 22 9.14 + 0.99 3671 1.5756 0.0576
Task 2 score| 73 11.86 * 8.57 22 8.68 + 2.46 3688 1.6290 0.0517
Task 3 score| 72 3.61 + 1.90 20 2.60 + 1.14 3563.5 2.1002 0.0179
Story Recall
Story 1 score| 75 5.25 + 1.38 21 5.33 + 1.24 3626.5 -0.1047 0.5417
Story 2 score| 75 7.69 + 1.98 21 7.10 £ 1.84 4164 4.7063 0.0000
List Span
score%| 75 68.61 + 10.53 21 62.70 £ 10.90 3902.5 2.3674  0.0090
correlation semantics %| 75 95.39 + 2.12 21 93.65 + 3.39 3867 2.8681 0.0021
Reading Span
score%| 76 54.88 + 14.71 22 51.14 + 14.78 3859.5 0.8300 0.2033
correlation semantics %| 76 88.87 + 6.58 22 87.12 £ 7.26 3877 1.0082 0.1567
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4: Discussion

4.1: Summary overview

The main purpose of this study was to determine why blast-exposed active duty
Service Members with H-1 hearing profiles are reporting having complications
communicating in noisy, everyday acoustic environments. We hypothesized that the
source of the problem might the result of damage somewhere in the auditory sensory
periphery that is not currently diagnosed by standard clinical measures, or lingering
effects of blast-induced traumatic brain injury to cortical areas associated with the
processing of attention, working memory, or other related executive functions, or quite
possibly a combination of the two.

In this study, we were able to compare audiological, electrophysiological (EEG),
and cognitive measures from two different groups of active duty military service
member, those who had experienced at least one exposure to an explosive blast force
while in-service and those who had not. We found that while the blast-exposed group had
audiological outcomes that fell within normal to near-normal levels, a closer inspection
revealed their raw outcome scores were slightly yet consistently worse than those from
the non-blast exposed cohort. We also found additional evidence of peripheral losses in
one brainstem measure of the blast-exposed group, the envelope following response
(EFR) to modulated tones, which is consistent with auditory neuropathy or synaptopathy,
more commonly referred to as “hidden hearing loss” (Schaette & McAlpine, 2011).

However, in behavioral and electrophysiological measures of selection attention,

we found no noticeable differences between groups in a test of auditory selective
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attention. In a similar analogous visual selective attention task, both groups performed
equally well at levels at or very close to ceiling; however, their electrophysiological
responses were inconclusive. While the data hints at compromised neural representations
of selectively attended visual stimuli, the comparatively fewer number of blast-exposed
participants make the results under-powered. Additional work is merited.

This is not to say that in the current study there was no evidence of compromised
cortical processing as a probable result of blast exposure. Of the numerous
neuropsychological tests we ran in the cognitive test battery, a handful highlighted
differences between blast and non-blast controls, specifically those associated with
measuring processing speed and working memory.

Based on the findings of the current study, we can conclude these reported
problems with speech communication in real-world noisy listening environments are
likely the result of both suboptimal neural representations of acoustic sensory information
reaching perceptual and cognitive auditory brain regions due to subclinical levels of
hearing loss, as well as slower cognitive processing speeds and diminished working
memory capacity impacting the processing of linguistic information from often multiple,

simultaneously occurring sound sources.

4.2: Blast-exposed subjects exhibit subclinical levels of cochlear hearing loss and
evidence of cochlear synaptopathy (hidden hearing loss)
Even though all of the participants in this study had hearing profiles that
conformed with the military’s H-1 hearing profile standards, closer inspection of the

audiometric data show that the blast-exposed group showed consistently worse outcomes
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in both their pure tone thresholds and distortion product otoacoustic emissions
(DPOAES). Air conduction pure tone thresholds, on average, were approximately 5-6 dB
higher in both ears, but consistently worse in the right ear across all tested frequencies.
Similar subclinical differences were also observed in weaker otoacoustic emissions,
particularly in the higher frequency regions between 5-8 kHz, again with the right ear
showing larger differences between the blast and non-blast control groups. Both these
outcomes are indicative of hearing loss due to damage of the outer hair cells of the
cochlea, and certainly would be expected in subjects with a history of increased and
repeated exposure to damaging levels of sound. We suspect the slight asymmetry in the
both the pure tone thresholds and OAEs is most likely due to increased noise exposure at
the rifle range due to the left ear being in closer proximity to the muzzle of a rifle, a
positional configuration found in right-handed shooters. Military H-1 hearing profiles
allow for losses up to 40 dB HL at frequencies above 4 kHz (Smetana, 1999), which by
ASHA standards are classified as a mild loss (26 to 40 dB HL). A few blast-exposed
subjects and non-blast controls tested within this range. Even for these mild differences in
auditory measures of hearing ability, speech-in-noise performance does appear to be
affected as evidenced by higher speech reception thresholds outcomes for the standard
version of the OMT in the blast-exposed group. Even thresholds that are categorized as
“slight” by ASHA standards (16 to 25 dB HL) have been shown to negatively impact a
child’s ability to communicate and learn in classroom setting (Bess, Dodd-Murphy, &
Parker, 1998; Johnson & Seaton, 2012). Predicting speech intelligibility from audiograms

is difficult working under the assumption of normal hearing, and is only made more
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challenging once hearing loss is factored in. In the data we presented here, our subject
population was selected to emphasize the differences between self-reported hearing
problems based on the six-question SSQ questionnaire. Non-blast control candidates
were required to have a combined average score greater than 6, with the group average
equaling 8.51 + 1.09. Blast-exposed subjects average score was 3.41 & 1.09. It is unlikely
that this 5-point disparity in the subjective scoring can be fully explained by a modest 5-6
dB difference in audiometric thresholds.

Early predictions from Plomp (1978) suggested that variations in speech-in-noise
performance could be modeled by two factors, audibility and distortion. Audibility could
be estimated with the audiogram, but the distortion factor was included to address
cochlear losses presumably not captured by the audiogram. Recent animal studies
(Furman et al., 2013; Kujawa & Liberman, 2015) suggest that this type of damage is
taking place at the synaptic connections between afferent inner hair cells and auditory
nerve fibers that specifically respond to supra-threshold levels of sound. These studies
also found that ribbon synapses between the inner hair cell and supra-threshold
responding nerve fibers are particularly vulnerable to prolonged exposure to moderate
levels of noise. Loss of these synaptic connections reduces the auditory nerve bundle’s
capability to represent fine spectro-temporal information and could be a contributing
factor to poor speech-in-noise performance in our blast-exposed group.

Because these fibers do not fire above their spontaneous rates at sound levels at or
near threshold, other techniques are required to quantify their responses (Shaheen et al.,

2015). We looked at two different measures aimed at quantifying the responses from the



108

auditory nerve and brainstem, the click ABR (auditory brainstem response) and the
envelope following response (EFR). Only the EFR exhibited evidence that blast-exposed
subjects’ responses differed from those of the non-blast controls. The envelope following
response experiment we ran was designed to specifically target the neural contributions
of the supra-threshold responding auditory nerve fibers. By holding the overall peak-to-
peak level of a modulated sinusoid constant and varying the modulation depth, we
hypothesized that as the modulation depth decreases the role of these nerve fibers
becomes increasingly crucial in encoding the lower frequency envelope fluctuations. The
response from the non-blast controls behaved as one might expect, as the modulation
depth of the envelope went from fully modulated to 79% modulated the strength of the
EFR decreased reflecting a possible shift between the ratio of threshold-level responding
and supra-threshold responding fibers. Assuming a healthy population of supra-threshold
responding fibers, one would expect that response to taper off more slowly as the
modulation depth of the envelope decreases. In the blast-exposed subjects, this does not
happen. Figures 2.7a and 2.7b show that the EFR stays constant when the modulation
depth changes from 100% to 79% modulated and then drops in response to the 63%
modulated envelope. While this may seem counterintuitive, these results are consistent
with EFRs we measured in a hearing-impaired subject population (Dai, 2017). Here we
argued that decreased frequency specificity due to outer hair cell loss resulted in broader
cochlear filters, which effectively increased the number of off-frequency ANFs

responding to the envelope fluctuations. Given the increased audiometric thresholds and
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decreased OAEs in our blast cohort, it is likely that the same cochlear mechanics are at
play here, as well.

It is important to note that the subjects in the blast-exposed group are older
(median age = 39.5 years) than those in the non-blast control group (median age = 27.5
years). However, an age-matched analysis of both the pure tone thresholds and DPOAEs
still shows statistically significant worse outcomes for the blast group (data not shown).
Similarly, age-restricting the control group’s EFR data to include only those subjects who
were at least as old as the youngest blast exposed subject (25 years of age) did not change
the relative relationships between groups in the within-subject slope measure (Figure
2.7b). Data thus suggest that exposure to blast not only affects standard pure tone
audiometric thresholds, but also results in brainstem measures that are consistent with
cochlear synaptopathy and/or auditory neuropathy, more commonly referred to as

“hidden hearing loss” (Schaette & McAlpine, 2011).

4.3: Exposure to blast does not produce detrimental long-term effects to cognitive
processes of attention
The auditory selective attention task that we ran on our active duty Service

Members was identical to the easier (different pitch) condition in the Veterans study
covered in Chapter 1 of this thesis. In that study, blast-exposed Veteran subjects had an
extremely difficult time performing the auditory selective attention task, with scores
ranging from the lower quartile of performance in the non-blast control group (90%) all
the way down the chance (33.3%). You will recall the non-blast control data was taken

from another study (Choi et al., 2014) that measured auditory evoked responses to the
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same auditory task in normal-hearing college students whose performance was at or near
ceiling levels (80% - 100%). The auditory evoked responses in the blast-exposed
Veterans, as measured by EEG, similarly reflected poor attentionally-driven
amplification and suppression of the onset responses to attended and ignored melodic
streams, respectively. At the time, the conclusions we drew from that study led us to
believe that the reason for the difficulties negotiating the auditory selective attention task
were cognitive in nature and not sensory.

In this current study, the blast exposed active duty Service Members performed as
well as the non-blast control group on the auditory task with median scores on the attend
leading and lagging conditions of 88.3% and 87.2%, respectively (Figure 2.9). Similarly,
the electrophysiological responses to the onset of the notes of the melodies when they
were both attended and ignored were virtually identical to those of the non-blast controls
(Figure 2.10).

Also different from the Veterans’ study was the addition of an analogous visual
selective attention task, which was put in place to answer whether any observed deficits
in the neural processing attention were independent of sensory modality. The motivation
for including such test was based on research that identified distinct prefrontal cortical
regions separately involved in the processing of auditory and visual attention with
functional connections to their associated auditory and visual cortices (Kong et al., 2014;
Michalka et al., 2015). As problems with controlling attention are a commonly reported
symptom of traumatic brain injury (Tanielian & Jaycox, 2008), we reasoned that

exposure to blast most likely would affect different brain regions in different subjects.
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Depending on the site of injury, a subject might perform normally on the auditory task
but fail at the visual task, or vice versa. It is also possible that diffuse injury to the
prefrontal cortex could impact all attentional processing regardless of sensory modality.
What we found instead was, like the auditory task, all blast subjects could perform the
visual task at levels similar to the non-blast controls. The visually evoked response traces
in Figures 2.13a and 2.13b follow the behavioral results by showing evidence of
attentionally modulated visual N1-P2 complexes to the onsets of each individual token of
visual stimuli. From these results, one could be tempted to conclude that long-range
connections between primary sensory regions and prefrontal cortical regions associated
with the processing of attention either are not impacted by blast, or that they were
damaged at the time of exposure but have since recovered. These results contrast with
those from the previous study described in Chapter 1 (Bressler et al., 2016), which found
substantial differences in both behavioral and electrophysiological outcomes from the
same auditory selective attention task. Since in the current study we were careful to only
enroll blast-exposed study candidates without PTSD or whose PTSD was managed and
under control, we can reasonably conclude that the Veterans’ PTSD status was a larger
contributing factor to their poor performance in the auditory selective attention task than
was any lingering long-term effects of possible blast-induced head trauma. The
association of blast-induced TBI and PTSD has been well-establish (Hoge et al., 2008),
and has always been a confounding issue in this type of research. We hope that our
careful approach in recruiting an appropriate control population may shed a little more

light on how to separate out these two comorbidities from one another.
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4.4: Blast exposure may have long term effects on neural processing speed

Although the results from both the auditory and visual selective attention tasks did
not reveal any substantial differences in either the behavioral or electrophysiological
outcomes, this is not to say that exposure to blast had no apparent effect on cognitive
processing. Of the numerous cognitive tests that we ran, the few that exhibited
convincing differences in performance between the two groups were the SCOLP and the
Listening Span test once differences in age was factored out of the analysis. While the
two tests differ slightly in their methodology, both are measures of the processing speed
of linguistic information. The SCOLP test is a direct measure of the processing of visual
information with sentences presented on a computer screen for subjects to read, while the
Listening Span test, as its name implies, is the auditory analogue of the SCOLP where
sentences are read aloud to subjects by the test administrator. Our results from these two
tests are consistent with a rich literature showing an association between processing
speed deficits and traumatic brain injury (Babikian & Asarnow, 2009; Madigan, DeLuca,
Diamond, Tramontano, & Averill, 2000; L. A. Nelson, Yoash-Gantz, Pickett, &
Campbell, 2009; Rassovsky et al., 2007). Although the mechanisms behind slower
cognitive processing are not yet fully understood, the prevailing theory attributes it to
slower neuronal conduction from diffuse axonal injury (Felmingham, Baguley, & Green,
2004), a result of exposure to explosive blast forces (Taber et al., 2015).

What does this mean as far as interpreting the results from the two selective
attention tasks? We originally hypothesized that if exposure to blast were to affect

cognitive processes of attention, it would likely be the result of damage to the long-range
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connections between the primary sensory regions and the frontal networks that act on
them to modulate the neural representations of the attended and ignored stimuli (Aston-
Jones & Cohen, 2005). Without access to diffusion tensor imaging to determine the
degree and extent of any possible diffuse axonal injury, it is difficult to say why the
processing speed measures (but not the selective attentional measures) show evidence of
blast-related effects. One possibility is that the connections between sensory and frontal
cortical regions are more robust to the effects of blast exposure and were never damaged
in the first place. Although every subject in the blast cohort reported “at least” one
exposure to blast, quantifying the level of their exposure is difficult. We did ask subjects
if they were close enough to the blast to feel the heat and pressure wave, but exactly how
that relates to the likelihood of traumatic insult is not completely understood. Another
possibility is that enough time had passed since the blast event to allow for damaged
tissue to heal. Post-concussive symptoms certainly can resolve within days, which
suggests some regenerative healing processes may be at work; however, how the brain
recovers and the impact on cognitive outcomes is also not completely understood. There
is evidence suggesting that different cognitive domains are affected based on the type of
injury sustained. One study showed patients suffering from TBI largely defined by
diffuse axonal injury (DAI) had problems primarily with memory and learning while
attentional processing was only mildly affected (Scheid, Walther, & Guthke, 2006).
Another study found that with patients suffering from predominantly DAI had longer
recovery times compared to patients whose injuries were of mixed etiology (Felmingham

et al., 2004). In both of these studies, patients had TBI primarily classified as severe. In
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our study, not all of our blast-exposed subjects reported having TBI. Subject who did
were restricted to diagnoses no more severe than mild TBI. Without knowing exactly the
nature of the injuries (if any) sustained during exposure to blast, it is possible that enough
time had passed allowing for attentional processes, that were already mildly affected to
begin with, to sufficiently recover. Whatever the reason, there is certainly cause for
follow-up research into identifying neural markers of processing speed that can be
objectively applied to clinical populations suffering from a variety of neurological
injuries and disorders (TBI, Alzheimer’s, dementia).
5: Conclusions

Despite having hearing within normal ranges, blast-exposed Service Members
have hearing outcomes that are worse than those of Service Members who have not been
exposed to blast. This is particularly true for those blast-exposed Service Members who
report having difficulties understanding speech in everyday listening situations. These
differences were observed in both cochlear measures (audiogram and DPOAE) and to a
lesser degree in brainstem measures of suprathreshold neural encoding (EFR). While the
EFR has been used as an indirect measure of the possible presence of cochlear
synaptopathy (hidden hearing loss) in humans, weaker DPOAE measures from the blast-
exposed group suggest that sub-optimal cochlear function may contribute to differences
in the way the auditory brainstem encodes envelope information in broadband stimuli
(Dai, 2017). Even though these differences in hearing function are relatively slight, it is
clear that they have a negative impact on speech-in-noise performance, both measured

(standard OMT) and perceived (SSQ). Whether this hearing loss is the direct result of
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blast or blast-exposed Service Members have comparatively more exposure to dangerous
levels of sound is beyond the scope of this study, but certainly merits further
investigation. Although we did not observe any differences blast-exposed and control
subjects in either the auditory or visual selective attention measures, there is still evidence
pointing to differences in the speed of cognitive processing, a symptom commonly
associated with traumatic brain injury (Leininger, Gramling, Farrell, Kreutzer, & Peck,
1990; Mathias, Harman-Smith, Bowden, Rosenfeld, & Bigler, 2014).

Collectively, these results suggest that care should be taken to consider more than
just audiometric measures alone when treating blast-exposed Service Members with
hearing complaints. While it is known that the audiogram does not accurately predict
speech-in-noise performance, exposure to blast introduces cognitive considerations when

diagnosing and devising treatment strategies for this specialized patient population.
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CHAPTER THREE: PREDICTING SUBJECTIVE HEARING ABILITY IN
MILITARY SERVICE MEMBERS FROM OBJECTIVE AUDITORY
MEASURES
Abstract

Recently, audiology clinics in the VA healthcare system have been reporting an
increase in the number of blast-exposed Service Members complaining of having
problems understanding speech in crowded and noisy environments despite having
normal hearing thresholds and cochlear function. The main objective of this study was to
determine whether objective measures of auditory function and/or measures of cognitive
function were predictive of self-reported measures of hearing ability in a population of
active duty military Service Members with and without exposure to at least one explosive
blast force. Using stepwise linear regression, we modeled outcomes from a six-question
version of the Speech, Spatial, and Qualities of Hearing Scale questionnaire (Gatehouse
& Noble, 2004) using a collection of 13 quantitative auditory-related measures and
subjects’ age in years. Some of the audiometric measures were derived from common
clinical tests, including air conduction pure tone thresholds, distortion product
otoacoustic emissions, and auditory brainstem responses (ABRs) to a 100-us click
stimulus. Others were non-standard measures that have been used in previously published
research, including the brainstem envelope following response (EFR) to an amplitude
modulated tone (Bharadwaj et al., 2015; Shaheen et al., 2015) and an EEG-derived metric
of the neural modulatory effects of attention on the cortical representation of auditory

stimuli presented during an three-stimulus auditory selective attention task (Bressler et
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al., 2016; Choi et al., 2014). Across all subjects, regardless of blast status, stepwise linear
regression modeling found that age and high frequency hearing thresholds were
predictive of hearing ability a measured by the SSQ. Further regression analysis within
blast status group found variations in SSQ score could be predicted by one measure of
attentional processing ability in the control group with a high degree of functional
hearing. Similar analyses within the blast-exposed group were inconclusive. Our
modeling results suggests there might be value in considering a listener’s cognitive
processing capacity of attention particularly when trying to predict problems with speech

perception in day-to-day communications.
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1: Introduction

1.1: Background

In the military, noise exposure and the hearing loss resulting from it is a costly
occupational hazard. Financially, nearly $1 billion is spent annually on service-connected
hearing disability compensation (Fausti et al., 2009). The personal costs for those
affected can be quite substantial as well. Hearing loss has been linked to reduced
productivity at work (Wagner-Hartl, Grossi, & Kallus, 2018), increased social isolation,
and depression (Strawbridge, Wallhagen, Shema, & Kaplan, 2000). Some studies have
even established a link between hearing loss and an increased risk of cognitive decline
and dementia over the long term (Loughrey, Kelly, Kelley, Brennan, & Lawlor, 2018;
Wayne & Johnsrude, 2015). Paradoxically, good hearing is also a requirement for the job.
In terms of lives in the field, auditory tasks associated with effective speech
communication, sound localization, and detection are critical components to mission
success (Semeraro, van Besouw, Allsopp, Bevis, & Rowan, 2015). To mitigate these
costs, the military has in place hearing conservation and readiness programs requiring all
U.S. Army and Marine Corps Service Members and any other service member in noise-
exposed occupations to complete annual hearing exams (Shub, Makashay, & Brungart,
2019).

In the Army, hearing is classified based on operational fitness for duty standards
and defined by formulas using audiometric thresholds. Rated on a scale from 1 (best) to 4
(worst), the H-1 profile describes hearing capacity with no operational restrictions

(Smetana, 1999). The H-1 profile, however, is fairly liberal and allows for pure tone
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average thresholds for 500 Hz, 1 kHz, and 2 kHz up to 30 dB HL (Department of the
Army, 2017). Under current ASHA standards this technically falls under the category of
slight to mild hearing loss (ASHA, 2015). In the Army, retention of duty also requires
that all Service Members pass the Speech Reception in Noise Test (SPRINT) (Brungart et
al., 2017), emphasizing the importance of effective communication and its role in combat
readiness.

Recently, we have identified and tested a number of blast-exposed Veterans
(Bressler et al., 2016) and blast-exposed active duty Service Members (Chapter 2) who,
despite having normal to near-normal audiometric thresholds, reported having difficulty
communicating in noisy environments. Whether these self-reported hearing problems
have a substantial impact on fitness for duty or are a bellwether of a worsening loss are
questions of great importance to the military as training replacements for Service

Members disqualified from duty comes at a considerable cost (Ohlin, 1998).

1.2: Predicting speech-in-noise ability

Although audiometric thresholds are commonly used to describe hearing loss,
results from a standard air conduction pure tone audiogram represent only one facet of
overall hearing health. A large body of research has been dedicated to predicting speech
intelligibility and/or hearing loss from the audiogram. Models like the Articulation Index
(AIL: ANSI/ASA S3.5-1969) and Speech Intelligibility Index (SII: ANSI/ASA S3.5-1997)
estimate intelligibility from within-band signal-to-noise ratios based on audiometric
thresholds and work well for normal hearing listeners assuming the noise is continuous

and stationary. While this may be ideal for telephony applications (Kryter, 1962), it does
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not exactly apply to day-to-day social listening situations where interfering sounds
include speech and other noises that fluctuate in amplitude.

There is reason to believe that more than audiometric threshold data is needed to
predict speech intelligibility performance. One study found that speech reception
thresholds in noise and in quiet correlated with two different frequency regions in the
audiogram. Speech-in-noise performance was more correlated with hearing loss above 1
kHz, while speech reception in quiet was correlated with hearing loss at and below 1 kHz
(Smoorenburg, 1992).

Seminal work by Reiner Plomp (1978) introduced the idea that speech perception
in noise could be modeled not only by measures of audibility (as in the audiogram), but
also by some measure of distortion. At the time, he attributed this distortion component
to “a deterioration of the ear’s frequency selectivity, in a severe loss of hearing over a
limited frequency range, etc.” Recent animal work now points to a type of cochlear
synaptopathy that selectively affects the synapses between the afferent inner hair cells
and a subset of auditory nerve fibers connected to these inner hair cells that are
responsible for the encoding of suprathreshold levels of sound (Furman et al., 2013;
Kujawa & Liberman, 2015). Interestingly, some auditory nerve fibers responsible for
encoding sounds at and around threshold detection levels are more immune to this type of
damage. As a result, it is possible, in theory, for a listener to have normal audiometric
thresholds while still exhibiting perceptual deficits related to this cochlear synaptopathy.
As such, this type of hearing loss is commonly referred to as “hidden hearing loss”

(Schaette & McAlpine, 2011).
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In this paper, we introduce the idea of adding a third component that we would
argue is vitally important to the prediction of speech-in-noise or speech-in-speech

performance: attention.

1.3: Auditory selective attention

Without the ability to voluntarily direct our attention, engaging in meaningful
conversation in a roomful of people would be limited solely to the physical acoustics of
the auditory scene. The loudest talker would be heard at the expense of all other
conversations around us. We know from experience that this is not the case. Object-based
theories of attention assert that we perceive sounds as individual objects coming from
distinct sources. Formation of these auditory objects is based on the grouping of spectro-
temporal features that are common to each individual source. This grouping of features is
what allows us the ability to segregate sound sources from a mixture of acoustic
information arrive at our two ears. Once objects have been segregated, top-down
attentional resources can be deployed to select an object of interest (Shinn-Cunningham,
2008). While Plomp’s concepts of audibility and distortion certainly influence
segregation processes, it does not take into account how perceptual resources engaged in
the processing of degraded representations of acoustic information can influence
cognitive processes of attention (Lavie, 2005; Lavie, Hirst, de Fockert, & Viding, 2004).
Of course, to incorporate attention into a model of speech intelligibility, some type of
quantitative measure is needed.

We have recently published results detailing electrophysiological measures of

attentional processing using EEG techniques during a specially designed auditory
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selective attention task (Bressler et al., 2016; Choi et al., 2014). In this task, subjects are
directed to attend to one of three simultaneously occurring simple two-pitch melodies and
report back the melodic contour of the attended melody. The melodies were short, no
more than four notes, to ensure that the working memory load on the task was low. Each
of the melodies differed in both perceived spatial location and pitch with the intent of
making attention, not whether the three melodies were easy to segregate from one
another, the primary factor influencing performance. The melodies were designed such
that none of the note onsets overlapped in time, which allowed for the capture and
isolation of the auditory onset evoked responses from attended and ignored melodies. The
strength of these onset responses varies with attentional state (Elhilali et al., 2009;
Hillyard, Squires, Bauer, & Lindsay, 1971; Mesgarani & Chang, 2012). We tested
conditions when the melodies were attended, actively ignored, or passively listened,
allowing us to quantify measures of attentional enhancement or suppression of the neural
response (see Chapter 2 of this thesis). We have previously shown that these objective
neural measures of attention correlate with behavioral performance across similar
auditory selective attention task with differing levels of difficulty (Choi et al., 2014). We
hypothesize variations in individual performance on our auditory selective attention task
will be reflected by similar differences in the neural measures of attention within the
same task. These measures, along with other objective measures of hearing function
related to audibility and distortion, will be used to inform a linear regression model of
subjective survey measures of everyday listening ability, a six-question version of the

Speech, Spatial, and Qualities of Hearing questionnaire.
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1.4: Modeling of Speech, Spatial, and Qualities of Hearing using objective auditory
measures

We were fortunate to have access to a comprehensive dataset of audiometric,
electrophysiological, and neuro-cognitive outcomes from a study we conducted at the
Walter Reed National Military Medical Center (WRNMCC) in Bethesda, MD
investigating the effects of blast exposure on auditory sensory and cognitive processing.
As part of the recruitment process, we administered a six-question version of the Speech,
Spatial, and Qualities of Hearing (SSQ) questionnaire (Gatehouse & Noble, 2004) to
every study candidate. The six questions asked subjects to rate their perceived ability on a
number of everyday listening tasks. Three of the questions addressed issues related to
attention, two of the questions pertained more to listening effort, and one question asked
about the perceived quality of everyday sounds. Per the guidelines of the inclusion
criteria of the study, all participants were required to have H-1 hearing profiles (Smetana,
1999); therefore the range of hearing thresholds were what would be considered normal
to near-normal by ASHA standards (ASHA, 2015).

From the multitude of tests in the study protocol, we selected measures that could
either be passively collected or were clinically standard tests of hearing function/ability to
use as regressors to feed into a stepwise linear regression model for each individual
question as well as the composite average score of all six questions. These included air
conduction pure tone thresholds, distortion product otoacoustic emissions (DPOAEzs),
auditory brainstem responses (ABRs) to a click stimulus, brainstem envelope following

responses (EFRs) to a sinusoidally modulated pure tone, and attentional modulation
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measures described above. We also included age as an additional regressor variable as it
has been long established to be a significant predictor of hearing loss (Yamasoba et al.,
2013). Because subjects in this study were specifically recruited to highlight the contrast
between non-blast exposed control subjects with no reported hearing issues and normal to
near-normal hearing blast-exposed subjects who had significant problems with speech-in-
noise listening, we elected not to include blast status as a regressor variable.

We found that when blast exposure status was ignored, high frequency air
conductions thresholds and subjects’ age was a significant predictor of SSQ score. When
the non-blast controls and blast-exposed groups were modeled separately, we found that
for the non-blast control group who reported no problems with hearing ability and
exhibited the best audiometric thresholds, one measure of attentional processing was
predictive of SSQ score. Unfortunately, stepwise linear regression failed to return
significant regression equations for the blast-exposed subject group, likely due to small
numbers of complete subject datasets for this study cohort.

2: Methods

2.1: Subjects
Study participants were recruited primarily from the hearing conservation clinic at
the Walter Reed National Military Medical Center in Bethesda, MD as part another study
investigating the prevalence of central auditory processing disorder (CAPD) in active
duty Service Members (Musiek, Baran, & Shinn, 2004). To increase the number of blast
exposed participants, recruitment efforts were expanded to patients from the Audiology

Clinic at Walter Reed and from a patient database managed by the Center for



125

Neurological Regenerative Medicine (CNRM). Subjects were divided into two groups
based on whether or not they had experienced at least one exposure to blast while in-
service. Because exposure to blast comes with an increased risk of traumatic brain injury
and post-traumatic stress disorder (PTSD) (Hoge et al., 2008), potential study candidates
with unmanaged PTSD and/or a history of traumatic brain injury (TBI) with a
classification of greater than “mild” were excluded from participation.

As part of the inclusion criteria for the CAPD Prevalence study, all subjects were
given a six-question version of the Speech, Spatial, and Qualities of Hearing
Questionnaire (SSQ) to assess their self-evaluated hearing abilities (Gatehouse & Noble,
2004). The six questions scored on a Likert rating scale from 0 to 10 were selected based
on data collected in a larger Phase I portion of the CAPD Prevalence study from three
different V A-affiliated research sites and found to be effective in distinguishing blast-

exposed from non-blast subjects. A summary of the six questions can be found in Table

3.1.



Table 3.1 Six-question Speech, Spatial, and Qualities Questionnaire

SSQ-6 SSQ-49 Category

1 1.14
2 1.12
3 1.5

4 3.14
5 3.11
6 3.19

Speech

Speech

Speech

Qualities

Qualities

Qualities

Question

You are listening to someone on the
telephone and someone next to you starts
talking. Can you follow what’s being said by
both speakers?

You are with a group and the conversation
switches from one person to another. Can you
easily follow the conversation without
missing the start of what each new speaker is
saying?

You are talking with one other person. There
is continuous background noise, such as a fan
or running water. Can you follow what the
person says?

Do you have to concentrate very much when
listening to someone or something?

Do everyday sounds that you hear seem to
have an artificial or unnatural quality?
Can you easily ignore other sounds when
trying to listen to something?

126

Anchors

Not at all - Perfectly

Not at all - Perfectly

Not at all - Perfectly

Concentrate hard —
No need to
concentrate

Unnatural - Natural

Not easily ignore —
Easily ignore

*SSQ-6: Six-question SSQ survey, SSQ-49: full 49-question version from Gatehouse

and Noble (2004)

In addition to the SSQ, a combined screening measure consisting of the sum of

the signal detection thresholds obtained from the NoSz condition of a standard binaural

masking level difference (BMLD) test and the speech reception threshold from a

modified version of the Oldenburg Matrix Test (OMTrc-rev) was included to help

differentiate inclusion into either the blast or non-blast control group. For the OMTTc-Rev

test, the target speech was artificially increase by 50% using pitch-preserving time

compression and presented in a simulated reverberant environment. Target speech was

presented against eight-talker babble spatialized using generic head-related transfer

functions (Brungart & Romigh, 2009; Romigh et al., 2015).
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Inclusion into the control group required that all subjects report no history of
exposure to blast and have an average SSQ score greater the 6.0 and a combined OMTrc-
Rev/NoSx threshold score of < 19.8 dB (green shaded area in Figure 3.1). Initially,
inclusion in the blast group required that all potential study candidates have at least one
exposure to an explosive blast force and have SSQ scores < 4.3 or have a combined
OMTrtc-Rev/NoSx thresholds > 19.8 dB (gray shaded area in Figure 3.1). Later, our
recruitment protocols were changed to include any subject who reported a history of blast
exposure. Those who did not meet the initial criteria for inclusion into the blast group

(designated as Blast(+)) were assigned into the Blast(-) group (red data points in Figure

3.1).
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Figure 3.1: Criteria for inclusion into either the Control (green shaded area) or blast exposed
Blast(+) (gray shaded area) group. Later, the inclusion criteria were relaxed such that any subject
who had been exposed to blast but did not meet the Blast(+) criteria was assigned to the Blast(-)
group (red points). The SSQ score was the average score of the six question questionnaire. The
combined OMTTtc-Rev + NoSx screener was the addition of the two different threshold measures in dB.



128

At the time of the writing of this manuscript, 69 (34 male) non-blast-exposed
controls and 20 (all male) blast-exposed subjects participated in this study. The blast-
exposed group was slightly older than the non-blast controls. Median age for the blast
exposed subjects was 39.5 years (range: 25 to 52 years), while the median age for the
non-blast controls as 27 years (range: 18 to 48 years).

Informed consent was obtained from all study candidates following guidelines
approved by the Office of Research Protections (ORP) and monitored by the U.S. Offices
of Human Research Protections Office (HRPO) and the Clinical Investigations

Regulatory Office (CIRO).

2.2: Objective audiological measures

Air conduction pure tone audiogram

All study participants were administered a standard pure tone air conduction
audiogram with at frequencies 0.25, 0.5, 1, 2, 3, 4, 6, and 8 kHz in both ears. Inclusion
into the CAPD Prevalence study required that all subjects have H-1 hearing profiles, a
fitness-for-duty classification with no operational restrictions that is based on audiometric
thresholds. The H-1 profile allows for hearing thresholds for 500 Hz, 1 kHz, and 2 kHz as
large as 30 dB HL, provided no single ear pure tone average of the three frequencies
exceeds 25 dB HL, and also permits 4-kHz thresholds as high as 45 dB HL. There are no
restrictions on thresholds above 4 kHz. (Smetana, 1999).
Distortion Product Otoacoustic Emissions (DPOAEs)

Distortion product otoacoustic emissions (DPOAEs) to the 2fi-f2 cubic distortion

frequency of a pair of simultaneously-presented pure tones were measured using a
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custom-built handheld hearing assessment system designed by Creare, Inc. (Hanover,
NH). Parameters for the two pure tones were the clinically standard 1.22 frequency ratio
with 65/55 dB SPL intensity levels for the f1 and f2 tones, respectively, which covered the
range of {2 frequencies between 500 Hz and 8 kHz in 1/6t octave steps. DPOAEs were
collected for both ears and compared to noise estimates within the same 2f1-f2 frequency
region on the cochlea.
Auditory Brainstem Response (ABR) to 100—us Click

Auditory brainstem responses (ABRs) to a 100-pus click stimulus were collected
using the SmartEp hardware/software platform from Intelligent Hearing Systems (Miami,
FL). Subjects sat in a comfortable reclined position throughout the duration of the
experimental session. Electrodes were placed in the standard three-electrode vertical
montage with the ground electrode placed at position Fpz, a non-inverting electrode
placed high on the forehead, and one of two inverting “tiptrodes” (standard foam insert-
ear tips wrapped in gold foil and connected to an amplifier) placed in the right or left ear
canal. To ensure better electrode-to-skin impedances, both electrodes and tiptrodes were
coated with a thin layer of conductive NuPrep gel paste. A total of 2048 click stimuli
were presented in alternating acoustic polarity over ER-3A insert earphones (Etymotic
Research, Inc., Elk Grove Village, IL) at 80 dB nHL at a rate of 21.1 presentations per
second. Responses to the click stimuli were collected at a sampling rate of 40 kHz within
a 12.8-ms analysis window. Processing of the brainstem responses was performed using

the onboard analysis software. Final amplitudes and latency values of the stereotypical
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brainstem response peaks, Waves I, III, and V, were calculated from the average of two
complete sessions and subject to final validation by our research audiologist.
Envelope Following Response (EFR) to modulated tone

The envelope following response (EFR) is a steady-state response measure of the
auditory brainstem to harmonic stimuli. In this experiment, the harmonic stimulus we
used was a five second long 4096 Hz pure tone that was modulated by a half-wave
rectified 102.4-Hz sinusoid (Bernstein & Trahiotis, 2002). Electrophysiological scalp
responses to tones of three different levels of modulation depth (100%, 79% and 63%
modulation) were collected using a 32-channel EEG system with active amplification
(BioSemi B.V., Amsterdam, Netherlands) at a sampling rate of 4096 Hz at 24-bit
resolution. The five-second response epochs were pre-processed by applying a 90-Hz
high pass filter and re-referenced to the average of two external left and right mastoid
channels. Each stimulus was presented in alternating acoustic polarity for a total of 30
times (15 per polarity). The voltage responses for each trial presentation were further sub-
divided into consecutive 97.7-ms long epochs corresponding to 10 periods of the 102.4-
Hz envelope. This resulted in a total of 3180 sub-epochs (1590 per polarity). To remove
electrical and movement artifacts, any sub-epoch with voltage artifacts exceeding +100
puV were excluded from the analysis along with a randomly chosen sub-epoch from an
alternating polarity presentation to maintain balance across the epoched response dataset.
This dataset was then averaged across trials to yield a time domain representation
(voltage by sample) of the steady state envelope following response for each channel.

The EFR response magnitudes as a function of frequency were calculated by leveraging
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information from all 32 scalp channels using the complex-spectral principle component
analysis (cPCA) method described in Bharadwaj et al. (2014). Noise floor estimates for
the EFR were similarly calculated using phase scrambled reconstructions of the 97.7-ms
trial epochs, which were then used to derive an estimate of the EFR signal-to-noise ratio
(SNR) as a function of frequency.
3.2.3 Auditory Selective Attention Task

To collect objective electrophysiological neural measures of attention, we
recorded the auditory evoked scalp potentials from five frontal EEG electrodes in
response to a specially designed auditory selective attention (ASA) task. The ASA task is
identical to the one described in Chapter 2 of this thesis, and similar to the easier
“different pitch” version described in Choi et al. (2014) and Bressler et al. (2016).
Briefly, subjects were tasked with attending one of three simultaneously occurring
melodies and identifying its pitch contour during a prescribed response interval. Each of
the melodies were constructed from only two pitches [low (L) or high (H)] and either
three or four notes, which resulted in pitch contour shapes that were classified as either
rising (e.g. L-L-H), falling (e.g., H-H-L-L), or zig-zagging (e.g., L-H-L or H-H-L-H). In
an effort to ensure that performance in this task was driven by attention and not limited
by perceptual difficulties in segregating the three melodies from one another, each of the
melodies was spatially separated using interaural time differences (ITDs) of +100, 0, and
-100 ps, and additionally separated in pitch with average fundamental frequency ranges
of 600-726 Hz, 320-387 Hz, and 180-218 Hz. The start of each melody was staggered

and had different note onset rates in order to allow us to temporally isolate and analyze
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the auditory-evoked onset responses to the individual melodies using a 32-channel EEG
system. The entire three-melody stimulus was three seconds in duration. The stimulus
began with the center melody at time = 0; this center melody had three notes, presented
isochronously at a rate of one per second. The left-side (-100 pus ITD) melody followed
600 milliseconds later and consisted of four notes once played every 600 milliseconds.
The right-side (+100 us ITD) melody followed 150 milliseconds after the left-side
melody and presented three notes, one every 750. This scheduling resulted in all three
melodies ending together at the 3-second mark. Because the left-side melody started
before the right-side melody, we designate the left melody as the LEADING melodic
stream and the right-side melody as the LAGGING melodic stream. 1.25 seconds before
the stimulus interval, subjects were given an informative 500-millisecond audio-visual
cue directing them to attend to the left (leading) or right (lagging) melody. Their
responses to the melodic contour were entered during a 3-second response interval that
followed 500 milliseconds after the end of the stimulus presentation interval. Subjects
were provided feedback at the conclusion of each trial.

For a third of the trials during the experimental session, subjects were presented
with a neutral visual cue signifying that they should passively listen to the three-melody
stimulus and wait for the next trial to begin, withholding their responses during the
response interval. This “passive listening” condition served two purposes: 1) it served as
a baseline attentional condition to which we could compare the attend leading or lagging
evoked responses, and 2) it ensured that subjects were properly engaged in the task. A

high rate of responses during the passive listening trials would be indicative of problems
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with inhibitory control. A total of 270 trials (90 attend leading, 90 attend lagging, and 90
passive listening) were presented in random order across 9 blocks of 30 trials per block.

Subjects were provided with self-paced breaks in between blocks.
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Figure 3.2: Auditory Selective Attention (ASA) task

Cortical EEG Data Collection and Processing

Auditory-evoked electrophysiological responses were collected during the ASA
task using a 32-channel SystemTwo EEG system with active amplification (BioSemi,
Amsterdam, Netherlands). Scalp voltages were collected at a sampling rate of 4096 Hz at
24-bit resolution. EEG data were referenced to the average of the left and right mastoid
channels. Data pre-processing steps included downsampling to 512 Hz, bandpass filtering
using a zero-phase finite response band filter between 1-50 Hz, removing eye movement
artifacts using ICA, sorting voltage traces into trial epochs, and rejecting any trials

exhibiting voltage traces exceeding +100 pV. Trial-averaged auditory evoked responses
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were calculated from the average of five frontal EEG channels (AF3, F3, Fz, F4, and
AF4). The electrophysiological EEG data for this study are a subset of subject data taken
from the full dataset described in Chapter 2 of this thesis.

Quantifying Attentional Modulation of the Auditory Evoked Responses

To measure the effects of attention on the neural representation of attended versus
ignored stimuli, we quantified the average amplitude of the long-latency auditory N1
peaks to each note in the leading and lagging melodic stream for each of the three
attentional conditions: attend, ignore, and passive listening. The N1 peak is a prominent
negative voltage deflection measured at the scalp that occurs approximately 100
milliseconds after the onset of some type of acoustic change (Luck, 2005; Luck &
Kappenman, 2011) and has also been shown to be sensitive to attention (Choi et al.,
2014; Hillyard et al., 1973; Woldorft, 1991).

To quantify the effects of attention on the auditory N1 responses to each note, the
average auditory-evoked responses were calculated from the average of a maximum of 90
trials per attentional condition. Trials where the absolute magnitude of the response
exceeded 100 pV were excluded from the averaging process. On average, the number of
remaining trials after this thresholding process was high for both non-blast controls
(mean: 87.78 trials, median: 89 trials, range: 63 to 90 trials) and blast-exposed subjects
(mean: 87.35, median: 89, range: 68 to 90 trials). To address those subjects where
thresholding eliminated more than 10% of the trials, we derived the final auditory evoked

responses from the average of 1000 bootstrapped draws (with replacement) of the
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remaining “good” trials. This bootstrapping procedure was performed on all subject
datasets.

As the latency of the auditory N1 can vary from subject to subject, we determined
each subject’s individual N1 latency from the peak value of their bootstrapped-averaged
N1 response to the initial cue tone, which in our experience has always elicited a
prominent and easily identifiable N1 peak. From this individualized N1 latency, we
calculated the average voltage around a symmetric 100-millisecond rectangular window
for each note in both the leading and lagging melodic streams for both the attend and
ignore conditions (see Figure 3.3). To quantify the affect attention had on the strength of
each individual subject’s response to the onset of the notes in the leading and lagging
melodies, we calculated the difference between the average N1 response voltages of each
note when it was attended versus when it was ignored (see Figure 3.3). It has been
previously shown that attentional processing can enhance the N1 onset response to
attended stimuli (Choi et al., 2014; Hillyard et al., 1971; Mesgarani & Chang, 2012) and
suppress the N1 response to ignored stimuli (Elhilali et al., 2009). We defined this

difference measure as the attentional modulation index (AMI).
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Figure 3.3: Derivation of the attentional modulation index (AMI) measure

3: Results

3.1: Blast-exposed Service Members show signs of cochlear dysfunction and sub-clinical
hearing loss

Pure tone air conduction audiometric thresholds for control and blast-exposed
subject groups are summarized in Figure 3.4. Although all groups, on average, have
hearing thresholds that can be considered within normal limits (<25 dB HL), the blast(+)
exposed subjects have consistently higher thresholds compared to non-blast controls
indicative of more hearing loss. Additionally, average thresholds for the blast(-) group
fell in between those of the blast(+) and control groups, particularly for test frequencies
above 2 kHz. While the left ear high frequency thresholds in the blast(+) group appear to
be substantially worse than in the right ear, this imbalance is driven primarily by a single

blast-exposed subject whose left ear 6- and 8-kHz thresholds were 65 and 75 dB HL,
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respectively. This is also the reason why the left ear 8 kHz thresholds were different
between the blast(-) and blast(+) groups. More symmetrical average thresholds are
obtained by removing this subject’s data from the analysis (data not shown). Although
these thresholds technically fall under the category of a “moderately severe to severe”
loss by current ASHA standards (ASHA, 2015), the inclusion criteria for this study were
based on the Army Standards of Medical Fitness (Department of the Army, 2017) H-1
hearing profile (Smetana, 1999), which does not have any published standards for 6-kHz
or higher thresholds. Statistical comparisons were performed using a Wilcoxon rank sum
test adjusted for multiple comparisons using the Benjamini-Hochberg procedure

(Benjamini & Hochberg, 1995).
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Figure 3.4: Pure tone air conduction audiometric thresholds. Data expressed as mean + SD. Asterisks
(*) represent significant differences between Controls and Blast + groups. Plus (+) sign represents
significant differences between Blast — and Blast + groups. Multiple comparisons were addressed
using the Benjamini-Hochberg procedure (false discovery rate = 0.05).

Distortion product otoacoustic emissions for all three groups are summarized in

Figure 3.5. Different from the results from the audiometric thresholds where losses were
observed in both ears, here the blast(+) subject group had significantly lower otoacoustic
emissions for frequencies between 4 kHz and 6 kHz in the left ear compared to non-blast
controls. In the right ear, although OAE:s in the blast group trend lower than those in the
non-blast controls across frequencies 2 kHz and higher, these differences failed to reach
statistical significance. Instead, OAEs for the blast(-) group were significantly lower than
those of the controls for 2 frequencies 4, 5, 6, and 7 kHz. No statistically significant

differences were observed between the blast(-) and blast(+) OAEs at any of the tested f2
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frequencies. Statistical comparisons were performed using a Wilcoxon rank sum test
adjusted for multiple comparisons using the Benjamini-Hochberg procedure with a false

discovery rate of 0.05. (Benjamini & Hochberg, 1995).
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Figure 3.5: Distortion product otoacoustic emissions. Data expressed as mean + SD. Asterisks (*)
represent significant differences between Controls and Blast + groups. Cross (x) sign represents
significant differences between Control and Blast- groups. Multiple comparisons were addressed
using the Benjamini-Hochberg procedure (false discovery rate = 0.05).

3.2: Some evidence to support compromised suprathreshold encoding abilities in blast-
exposed subjects
Auditory brainstem responses (ABRs) to a standard 100-us click stimulus
presented at 80 dB nHL are summarized in Figures 3.6 and 3.7. No differences between

groups are observed for any of the three different ABR metrics: peak amplitudes and

latencies (Figure 3.6), or the Wave I to Wave V amplitude ratio (Figure 3.7). The Wave
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I/V ratio is one commonly used derived measure to normalize inter-subject variability in
the absolute peak amplitude measures (Bharadwaj et al., 2019). All between-group
statistical comparisons were done using the Wilcoxon rank sum test. All comparisons

resulted in p-values > 0.05.
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Figure 3.6 Auditory Brainstem Response (ABR) amplitudes and latencies for Waves I, III, and V to
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Envelope Following Response

The envelope following response, summarized in Figure 3.8, is a measure of how
well the auditory brainstem encodes low frequency envelope modulations evoked by an
amplitude modulated harmonic stimulus. In this study, we presented subjects with a 4096
Hz pure tone modulated by a 102.4-Hz half-wave rectified sinusoidal envelope at three
different modulation depths, from fully modulated (modulation depth index = 1.00) to
63% modulated. Figure 3.8 summarizes the magnitude of the 102.4 Hz component of the
EEG-recorded response envelope relative to an estimated noise floor. The across-subject

average signal-to-noise ratio (SNR) measures as a function of modulation depth index
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(MDI) are shown in the left-side subplot. Although there are no statistically significant
differences between either the controls, blast(+), or blast(-) groups, how these values
change as a function of MDI appear to be different. For the controls, the SNR for the
fully modulated (MDI = 1.00) tone starts at around 20 dB, but then drops about 5 dB and
stays at that 15 dB for the next two MDI values, 0.79 and 0.63. (Friedman test: y2 =
31.14, p = 1.7317e-07 with post-hoc comparisons). The blast(+) subject data show the
EFR SNR appears to stay relatively constant at modulation depths 1.00 and 0.79; post-
hoc mean-ranks comparison analysis shows no statistical difference between the EFR
SNR values for these first two modulation depth. Between MDIs of 0.79 and 0.63, the
EFR SNR drops from 17.6 dB to 13.6 dB. This difference in SNR was statistically
significant. (Friedman test: y2 = 14.94, p = 5.6959¢e-04 with mean-ranks post-hoc
comparisons). Although the responses from the blast(-) group appear to vary wildly, there
were no statistically significant differences between any of the EFR SNRs to the three
different envelope modulation depth values (Friedman test: y2 = 3.43, p = 0.1801). This
is likely due to the relatively small number of subjects in this group and the large degree
of variance in the measures themselves.

Because many non-experimental factors can contribute to variations in the
strength of the raw EFR magnitudes, we also analyzed the within-subject change in EFR
SNRs as a function of a stepwise change in modulation depth of the stimulus envelope.
We call this metric the “EFR slope.” This difference metric controls for nuisance
variables such as differences in head size and geometry, variations in day-to-day

environmental conditions contributing to differences in scalp impedances, and other non-
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experimental variables, and focuses on only how the signal changes in response to
changes in modulation depth (Bharadwaj et al., 2015). Using this metric, the right-hand
subplot of Figure 3.8 shows that the average drop in the within-subject EFR strength
when the envelope modulation depth index was reduced from fully modulated to 79%
modulated for the non-blast controls was greatest (around a 5 dB drop) for the non-blast
control subjects. By comparison, this relative decrease in EFR strength was weaker, on
average, for both the blast(+) and blast(-) subjects. A Wilcoxon rank sum comparison of
these slope values across the three groups shows the greatest difference was between the
controls and blast(-) subjects (z-score = -2.3807, p = 0.0173). No statistically significant
differences were observed between the controls and blast(+) groups (z-score = -1.4459, p
= 0.1482) or between the blast(-) and blast(+) groups (z-score = 0.9271, p = 0.3539). For
the next incremental drop in envelope modulation depth (from 79% to 63% modulated),
within-in subject EFR slope values for the controls were very near zero, with both blast
groups exhibiting only slightly more negative slope values. Wilcoxon rank sum
comparisons of the EFR slopes across all three groups for this change in modulation
depth showed slopes for the blast(+) group more negative than the controls (rank sum =
2.0173, p = 0.0437). No statistically significant differences were found between the
control and blast(-) groups (rank sum = 1.5766, p = 0.1149) or between the blast(-) and
blast(+) groups (rank sum = 0.3416, p = 0.7327). However, after a Benjamini-Hochberg
correction for multiple comparisons with an assumed false discovery rate of 0.05
(Benjamini & Hochberg, 1995), none of the EFR slope comparisons across group or

modulation depth change reached statistical significance (see Figure 3.8 right subplot).
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3.3: Performance on Auditory Selective Attention (ASA) task is associated with

attentional modulation of the neural representation attended and ignored sounds

Both control and blast-exposed subjects performed equally well in the Auditory

Selective Attention (ASA) task. In the attend leading and attend lagging tasks,

performance for both groups was near ceiling levels with equally few numbers of missed

trials where no response was given. Both groups also exhibited a low proportion of

inhibition errors during the passive listening trials. Recall that in the passive listening
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trials, subjects were instructed to wait for the trial to conclude and not enter a response
during the prescribed response interval. Behavioral results are summarized in Figure 3.9.
For trials where subjects were asked to attend either the leading or lagging melodies, all
groups performed equally well at levels that were at or near ceiling. For passive trials
where subjects were instructed to withhold their responses at the end of each trial, most
subjects performed this task as prescribed. The proportion of trials with inhibition errors
(trials where subjects incorrectly registered a response) was similarly low for all three
groups. Additionally, the proportion of trials without a registered response when one was
expected was also low—generally below 5% of the total trials for both the attend leading
and attend lagging conditions combined. Wilcoxon rank sum comparison showed no

significant difference (p > 0.05) between any of the three groups across these four

conditions.
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Figure 3.9: Behavioral results for the Auditory Selective Attention task
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Since the behavioral outcomes for the blast(-) and blast(+) groups were similar,
we combined these two groups into one combined blast-exposed group. Figure 3.10
summarizes the across-subject averaged auditory evoked response potentials of the ASA
task for the non-blast controls (top subplot) and combined blast-exposed group (bottom
subplot). The three different plot lines represent the average across five fronto-central
EEG electrodes (AF3, F3, Fz, F4, and AF4) for the three different attentional conditions:
attend leading (red), attend lagging (blue), and passive listening (black). The vertical
colored lines spanning both subplots serve as a reference to the estimated latency of the
N1 peak responses for each of the note onsets of the three different stimulus melodies.
Both blast and control groups show evidence of attentional modulation of the N1
responses to the onsets of notes in both the leading and lagging melodic streams relative
to the evoked responses in the passive listening condition. In the control group, when
subjects are instructed to direct their attention towards the leading melodic stream (red
line plot), the intensity of their N1 responses to the onsets of the last 3 notes of the four-
note melody is greater (more negative) compared to the same responses when subjects
direct their attention to the lagging stream, which by definition means they are actively
ignoring the leading stream. Similarly, the N1 responses to the last two notes of the
lagging melodic stream are stronger when attended than when they are ignored. These
differences between attentional conditions are not observed in response to the first notes
of either the leading or lagging melodies; here, the N1 intensities are similar for all three

attentional states. Statistical comparisons across attentional conditions were performed
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using a non-parametric cluster-level analysis across the entire trial period (Maris &
Oostenveld, 2007). Attentional modulation of the N1 responses in the blast-exposed
group are largely similar to those in the control group except for the responses to the
second note onsets of the leading melody. Here, the peaks shows a trend towards
enhancement of the N1 responses when attended; however, this differences failed to

reach statistical significance after non-parametric cluster-level comparison analysis.
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Figure 3.10: Grand average auditory-evoked responses for controls (top) and blast-exposed (bottom)
subjects. Shaded areas reflect statistically significant differences between the attend leading and
attend lagging conditions, and are color coded to highlight onset N1 differences by attentional
condition.
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To quantify the extent to which attention modulated the neural representation of
the different melodies, we calculated the average voltage within a 100-millisecond
analysis window situated symmetrically around the expected N1 latency time (120
milliseconds post onset) for each note in both the attend leading and lagging conditions
and quantified the difference in the strength of the N1 response amplitude to when the
note was attended versus when it was actively ignored. We define N1 response difference
as the attentional modulation index (AMI), with larger positive values signifying
comparatively stronger attention-driven enhancement and suppression of the attended and
ignored auditory stimuli, respectively. These measures were derived for each note onset
of both the leading and lagging melodies for each subject and are summarized in Figure
3.11.

The bar plots in the two figures show how changes in AMI develop across the
course of the 3-second stimulus presentation interval. For both leading and lagging
melodies, the AMI response was always weakest to the first note, which then increased to
a maximum value at the second-to-last note in each melody. AMI responses to the last
note of each melodic sequence decreased slightly but were still at levels greater than
those to the first note, Although, on average, AMI scores of the blast group may appear to
be weaker compared to controls, a Wilcoxon rank sum comparison across all individual
note onsets revealed no statistical difference between groups (-0.75 < z-score < 1.4657;
0.1425 <p <0.4532). Combining AMI scores across groups, a two-tailed one sample t-
test revealed mean AMI values that were statistically different from zero for each note

onset in both leading and lagging melodic streams; statistical significance was confirmed
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after applying a Benjamini-Hochberg correction for multiple comparisons (false

discovery rate = 0.05).
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Figure 3.11: Onset N1 attentional modulation indices (AMI) to notes in the leading melody (top) and
lagging melody (bottom) for controls (green bars) and blast-exposed (white bars) subject groups.

Data expressed as mean + SD.

In the past, we have demonstrated that the degree of attentional modulation of the
N1 onset responses is linked to behavioral performance in a similar auditory selective
attention task (Choi et al., 2014). Figure 3.12 shows correlation plots of the relationship
between behavioral performance on the current ASA task and the attentional modulation
indices to each individual note in both the leading (top) and lagging (bottom) melodies.

Similar to what was observed with the AMI scores, the Pearson’s correlation r values
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were weakest to the first note but generally increased with each subsequent note in both
the leading and lagging melodies. However, only AMI scores to the last note of the
leading melody (r = 0.364, p = 0.001) and the penultimate (second) note of the lagging
melody (r = 0.247, p = 0.038) were found to have statistically significant correlations to

overall performance in the auditory selective attention task.
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Figure 3.12: Correlation plots of ASA behavioral performance by Attentional Modulation Index
(AMI) for each note in both the Leading (top) and Lagging (bottom) melodies. Correlations are
Pearson’s r scores with p-values. Notes with significant correlations are highlighted with a boxed
border.

4: Stepwise Linear Regression Model of the SSQ Questionnaire
All of the data previously described in the Results section represent a collection of

predominantly objective measures of hearing outcomes. With the exception of the
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audiogram and the behavioral performance scores on the ASA task, the remaining
measures required no input or feedback from the subjects. Each one of these measures is
related to one of three different factors that we hypothesize are involved in a person’s
capacity to understand speech in complex listening situations: audibility, distortion, and
attention. All the Service Members who participated in this study were asked to complete
the six-question SSQ questionnaire that was designed to quantify their subjective view of
how well they hear in different real-world situations. Of the six questions asked, three
addressed issues related to attention, two dealt with listening effort, and one dealt with
the naturalness or amount of distortion one experiences when perceiving sounds.
Although “audibility” is not directly addressed in the questionnaire, it is specifically
measured by the audiogram. Because outer hair cell function drives cochlear
amplification, the DPOAE can also be considered an objective measure of cochlear
function that can also impact overall audibility. Additionally, the DPOAE can also be
classified as an objective measure of “distortion,” as loss of outer hair cells results in the
broadening of cochlear filters, loss of frequency resolution in the neural representation of
broadband acoustic stimuli, and a change in the input-output growth curve. Because the
click ABR and brainstem envelope following response (EFR) are suprathreshold
measures of the fidelity of the early neural representation of acoustic sensory
information, we put these into the category of measurable distortion outcomes.
Attentional modulation index scores naturally fall under the category of objective

measures of “attention.”
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With the SSQ as a proxy of hearing capacity in complex listening environments,
we hypothesized that these outcomes could be modeled using only objective measures of
audibility, distortion, and attention. Using stepwise linear regression, we constructed
models of the average of the six-question SSQ survey. To reduce the number predictor
variables, several of the measured outcomes were combined into derived measures.
Results from the audiogram were separated into low and high frequency pure tone
averages (PTAs). The low frequency PTA included frequencies between 250 Hz and 2
kHz. The high frequency PTA included frequencies 3 kHz to 8 kHz. For the DPOAE
measures, we calculated average difference between the measured cochlear emissions
and their respective noise floor estimates across f2 frequencies 3k, 4k, 5k, and 6 kHz.
These specific f2 frequencies were selected based on the observed differences between
the control, blast+, and blast- groups from Figure 3.5. For the auditory brainstem
measures, we included the ratio of the Wave I to Wave V peak amplitudes from the click
ABR test and the EFR slope measures for both modulation depth decrements (100% to
79% modulated and 79% to 63% modulated). For the attentional measures, we used the
AMI scores to each note onset of both the leading and lagging melodic stimulus streams.
With the inclusion of subjects’ age in years, a total of 14 regressors variables informed
the stepwise linear regression function, stepwiselm( ) in MATLAB. Because inclusion
into both the non-blast control and blast-exposed groups was dependent largely on SSQ
score, we did not include blast status as a categorical regressor variable. Modeling was
limited to the linear terms; no interactions between regressor variables were considered.

Any predicted linear relationship was evaluated to determine if the residuals were 1)
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normally distributed using the Kolmogrov-Smirnoff procedure, 2) free from
autocorrelation using the Durbin-Watson test, and 3) exhibited no significant evidence of

autoregressive conditional heteroskedasticity using the Engle test.

4.1: Modeling of the average SSQ scores

Results from the phase I portion of the Central Auditory Processing Disorder
(CAPD) prevalence study showed that in a large dataset of 1,943 subjects, the six-
question SSQ questionnaire was good differentiating blast-exposed subjects from non-
blast controls based on scores that fell two standard deviations outside of the distribution
of the non-blast controls. However, working from the assumption that military Service
Members respond truthfully, blast exposure history can be obtained through surveys.
Instead, our goal for this study was to determine which objective measures of auditory
function would best predict SSQ outcomes. Because subjects were recruited into blast
and control groups based on both blast status and SSQ outcomes, we theorized that
within-group analysis would reveal differences in the factors driving the within-group
variance of the SSQ scores. Specifically, for the non-blast controls who report little to no
problems with day-to-day listening (as determined by their high SSQ scores) and who
also demonstrated better audiometric thresholds and cochlear function in their DPOEAs,
we hypothesized that attentional measures might be what distinguishes good listeners
from exceptional listeners. For the blast exposed subjects, particularly the blast(+)
subjects who not only had comparatively worse audiometric outcomes, but also the

lowest average SSQ scores, a combination of compromised suprathreshold encoding and
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suboptimal attentional cognitive processing might be contributing to overall poorer day-
to-day listening abilities.

What follows are summaries of models that included all subjects, control and
blast exposed, as well as within-group models (i.e., control subjects only or blast-exposed
subjects only) to identify any across-group differences in the types of objective auditory

function measures contributing to the final SSQ outcome measure.

4.1.1: SSQ outcome for all subjects is dependent on high frequency hearing and age
As is common with experiments with multiple measures scheduled across
multiple days, not all subjects completed the full complement of experimental tests. The

stepwise linear regression algorithm only took into consideration those subjects who
registered data for all 14 regressor variables. A total of 56 subject observations (41
control, 10 blast(+), 5 blast(-)) were used to determine a multiple linear regression
equation based only on the objective audiometric (audibility and distortion) and
attentional measures. It is worth reiterating that blast status was not included as a
categorical regressor variable or this or any subsequent models described in this section.
Combining all subjects (non-blast control and both blast groups) together, the
significant regression equation that resulted [F(2,53) = 16.7815, p = 2.2595e-06] had an
adjusted R2 of 0.365. The resulting model showed that across all subjects SSQ score
could be predicted by both the subjects’ high frequency pure tone average thresholds in

dB HL, as well as their age in years. The resulting regression equation was:

SSQ ~12.0472 -00978(Age) - 01224(PTAhlgh frequency)
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Both age and high frequency pure tone averages were significant predictors of
average SSQ score contributing to an SSQ score decrease of 0.01 per year of age and
0.12 per dB of high frequency hearing loss. Although this equation was statistically
significant, the residuals narrowly failed the Kolmogorov-Smirnoff test for normality (p
=0.041). Figure 3.13a summarizes the observed SSQ scores and the predicted modeled
outcomes for the 65 control and 20 blast-exposed subjects. It is worth noting that even
without including blast status as a predictor variable, the blast(+) subjects’ predictions
were consistently higher than those of the controls and even the blast(-) subjects. Please
note that although control and blast subjects are identified in the plot, blast status was not
considered in this or any subsequent model.

Because the age of our blast exposed cohort was older than the non-blast controls,
we re-ran the regression analysis on a subset of control subjects who were age-matched to
the age distribution of both the blast(+) and blast(-) groups combined. We found that SSQ
scores sub-group of subjects could still be predicted by age and high frequency pure tone
averages. The resulting significant multiple regression equation [F(2,23) = 6.5418, p =
5.6340e-03] that resulted was:

SSQage-matched ~ 12.6954 - 0.1286(Age) - 0.1219(PT Anigh frequency)
and accounted for approximately 30% of the variance with an adjusted R2 value of
0.3072. Like the previous model with the full complement of control subjects, the
residuals were not normally distributed, marginally failing the Kolmogorov-Smirnov test

(p = 0.0394).
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4.1.2: Cognitive attentional processing is predictive of SSQ score in non-blast controls
with high functional hearing ability

Because subjects were assigned to their respective groups based on both blast
status and SSQ scores, the predictions from the previously determined multiple linear
regression equation in Section 4.1.1 are likely driven predominantly by the inclusion
criteria. It is possible the linear regression is fitting extreme ends of the dataset as defined
by the high functioning non-blast controls and the hearing compromised blast(+)
subjects. To further investigate which factors might be contributing to the overall SSQ
scores within each experimental group, we derived separate linear regression models for
controls and all blast subjects (blast+ and blast- combined).

Predicted SSQ scores for the control subjects only was predicted by a single
factor, the AMI to the third note of the leading melodic stream. The resulting significant
regression equation [F(1,39) = 14.4629, p = 4.9112e-04] with an adjusted Rz value of
0.2518 was:

SSQcontrots ~ 8.4106 + 0.26882( AMILeading 3rd note)

The above equation was derived from 41 total observations. When both blast+ and blast-
subjects were combined, no significant regression equation was found (see Figure 3.13b).

We additionally tried to derive regression equations for the blast+ and blast-
groups separately (Figure 3.13c¢). For the blast+ subjects (n = 10 observations), SSQ
could be predicted from the AMI score to the first note of the lagging melodic stream.
The resulting significant regression equation [F(1,8) = 5.4390, p = 4.7998e-02] with an

adjusted R2 value of 0.3303 was:
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SSleaSt(+) ~3.1879 -0.7666(AMILagging 1st note)
No significant regression equation was found for the blast(-) subject group.
Predicted versus observed SSQ scores for both the blast+ and blast- groups in the

different modeling iterations are summarized in Figure 3.13.
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Figure 3.13: Measured versus modeled correlation scatter plot of the average of the six-question SSQ
survey outcomes for a) all subjects (control and blast exposed combined), b) controls plus all blast
(blast+ and blast- combined), and c) controls (green), blast- (red), and blast+ (gray) modeled
separately.
4.2: Modeling of the individual SSQ survey questions
Because each of the questions in the six-question SSQ questionnaire address

different features related to hearing in complex listening situations, we modeled the

outcome scores for each individual question using the same 14 regressor variables
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described in the previous section. Models were run separately for the controls and the
combined blast(+) and blast(-) groups. Following an initial modeling step, we then
removed any variables that ran counter to that of their hypothesized effect on SSQ
outcome (e.g., better hearing thresholds associated with worse SSQ scores) as well as any
remaining variables whose p-value failed to reach a statistical significance cutoff of p <
0.05. Models that resulted in residuals with non-normal distributions or significant
evidence of autocorrelation or heteroskedasticity were also removed from consideration.
What follows is a summary of the remaining significant regression model results for

individual questions of the SSQ survey.

4.2.1: You are listening to someone on the telephone and someone next to you starts

talking. Can you follow what’s being said by both speakers (SSQ question 1)

For the controls subjects only, stepwise linear regression predicted that the score
to this question about divided attention was equal to:

SSQ-1controls ~ 7.2200 + 0.4434( AMILeading 3rd Note).
This resulting regression equation was significant [F(1,39) = 10.4471, p = 2.4998e-03]
with an adjusted R2 of 0.1911. This model predicted a change in SSQ score of 0.4434 for
every 1-uV increase in the AMI measure to the onset of the third note of the leading

melody.
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4.2.2: You are talking with one other person. There is continuous background noise, such
as a fan or running water. Can you follow what the person says? (SSQ question 3)
For the controls subjects only, stepwise linear regression predicted that the score
to this question about selective attention was equal to:
SSQ-3controls ~ 9.1038 +0.1713(AMILeading 3rd Note)
This resulting regression equation was significant [F(1,39) = 5.2688, p =2.7173e-02]
with an adjusted R2 of 0.0964. This model predicted a change in SSQ score of 0.1713 for
every 1-uV increase in the AMI measure to the onset of the third note of the leading

melody.

4.2.3: Do you have to concentrate very much when listening to someone or something?
(SSQ question 4)

For the controls subjects only, stepwise linear regression predicted that the score
to this question about listening effort was equal to:

SSQ-4controls ~ 7.7286 +0.5553 (AMILeading 4th Note)
This resulting regression equation was significant [F(1,39) = 9.0894, p = 4.5048¢-03]
with an adjusted R2 of 0.1682. This model predicted a change in SSQ score of 0.5553 for
every 1-uV increase in the AMI measure to the onset of the fourth note of the leading

melody.
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4.2.4: Do everyday sounds that you hear seem to have an artificial or unnatural quality?
(SSO question 5)
For the blast subjects only, stepwise linear regression predicted that the score to
this this question related to the overall quality of perceived sounds was equal to:
SSQ-5Blast ~ 5.8847 +1.6440( AMILeading 2nd Note)
This resulting regression equation was significant [F(1,13) = 6.8515, p = 2.1285e-02]
with an adjusted R2 of 0.2948. This model predicted a change in SSQ score of 1.6440 for
every 1-uV increase in the AMI measure to the onset of the second note of the leading

melody.

4.2.5: Can you easily ignore other sounds when trying to listen to something? (SSQ
question 6)

For this question, which is related to both selective attention and listening effort ,
significant regression equations were found for both the control [F(1,39) =4.3150,p =
4.4410e-02, adjusted R2 = 0.0765] and blast groups [F(1,13) = 6.2299, p = 2.6792¢-02,
adjusted R2 of 0.2720]. For controls, the SSQ score for question 6 was equal to:

SSQ-6¢ontrols ~ 8.2016 + 0.2922( AMILeading 3rd Note)

Which predicts a 0.2922 incremental change in SSQ score for every 1-uV increase in
AMI to the third note of the leading melodic sequence.
For the blast group, the resulting equation was:

SSQ-6Blast ~ 7.0063 - 0.1572(PT Anigh frequency)

Which predicts a 0.1572 decremental change in SSQ score for every 1-dB HL increase in

the high frequency pure tone average thresholds.
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5: Discussion

5.1: Blast-exposed subjects show signs of sub-clinical levels of hearing loss

As a group, the blast exposed subjects had elevated hearing thresholds compared
to non-blast-exposed controls. When the blast subjects were separated into groups based
on their self-perceived listening abilities as determined by their SSQ scores, the blast(-)
group exhibited thresholds that were in between the high functioning controls and the
lower function blast(+) groups. Recall that all subjects in this study were required to have
hearing thresholds that met the military’s H-1 auditory fitness for duty standards, a fairly
liberal criteria that allows for thresholds as high as 35 dB HL at frequencies of 500, 1k,
and 2 kHz, 45 dB HL at 3 kHz, and 55 dB HL at 4 kHz with no published restrictions for
thresholds at frequencies above 4 kHz (Department of the Army, 2017). As generous as
the H-1 hearing profile is, nearly all of the subjects who participated in this study had
pure tone air conduction thresholds that were <25 dB HL. By current ASHA standards,
this means the majority of our subjects could be categorized as having, at most, a slight
hearing loss.

These differences were also observed in the DPOAE data. For both blast(+) and
blast(-) subjects, emissions at f2 frequencies between 3-6 kHz, though technically present
by standard clinical definitions, were collectively smaller than those observed in the non-
blast controls. However, different from what was observed in the audiometric thresholds,
OAE:s in the left and right ears at these higher frequencies were not symmetrical between
the blast(+) and blast(-) subjects when compared to controls. Consistent with the

audiograms, left ear OAEs from the blast(+) group at frequencies between 4 and 6 kHz
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were statistically weaker compared to controls. However, in the right ear, OAEs of the
blast(-) group, not the blast(+) group, were found to be statistically weaker than those of
the controls. Comparisons between the two blast groups across all measured emission
frequencies revealed no differences and suggest that both groups appear to have suffered
equivalent damage to their cochlear outer hair cells. Unfortunately, it is not possible to
determine whether this cochlear damage is the result of blast or prolonged exposure to
damaging levels of sound as both types of exposure are difficult to quantify. More than
likely it is a combination of both factors.

Collectively, the results from the audiogram and DPOAEs, although both
technically within normal limits, suggest that cochlear function does appear to be
modestly more compromised in the blast-exposed subjects than in our controls. Elevated
thresholds and reduced frequency resolution in the neural representation of broadband
acoustic information, as might be caused by the loss of cochlear outer hair cells, are
consistent with a loss of overall audibility. Our findings suggest that even subtle
differences (on the order of 5 dB) in audiometric thresholds and cochlear function, as
measured by DPOAEs, may have an overall impact on a person’s ability to understand
speech in day-to-day social situations in less than ideal listening conditions.

We also ran tests to estimate “hidden hearing loss,” or hearing loss resulting from
selective damage to auditory nerve fibers responsible for the neural encoding of
suprathreshold acoustic information (Furman et al., 2013). Wave I amplitudes measured
in a standard click ABR test have been proposed as an indirect measure of hidden hearing

loss, more technically referred to as cochlear synaptopathy (M. C. Liberman et al., 2016).
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Recently weaker Wave I amplitudes have been observed in Veteran military Service
Members with high levels of reported noise exposure compared to Veterans and non-
Veterans with lower levels of reported noise exposure history (Bramhall, Konrad-Martin,
McMillan, & Griest, 2017); however, we observed no such differences in our cohort of
blast exposed and non-blast exposed active duty military Service Members. In fact, we
observed no differences in either the amplitudes and latencies of any of the ABR peak
waveforms (Waves I, II1, and V) or the Wave I/V amplitude ratio, a derived measure that
is commonly used to normalize differences in the brainstem response across subjects. It
may be that exposure to blast alone may not be sufficient to induce changes in the ABR.
The Brambhall (2007) study separated their Veteran subjects into groups based on a
reported history of noise exposure and firearm usage. We did not make similar
determinations in our study, and therefore cannot reliably draw any conclusions about the
relative contributions of noise exposure versus blast exposure to the outcomes of the click
ABR test.

We did, however, observe differences in the way the auditory brainstem encoded
changes in the modulation depth of the envelope of an amplitude modulated (AM) pure
tone. In this study, we presented three different levels of envelope modulation (fully
modulated, 79%, and 63% modulated) and measured both the absolute strength and
within-subject change (slope) in the magnitude of the electrophysiological steady-state
response to the modulation fundamental frequency, the envelope following response
(EFR). We found that while both blast and non-blast control subjects had similar EFRs to

the fully modulated envelope, the EFR decreased more in the non-blast controls when the
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envelope modulation depth was dropped to 79%. While these results seem
counterintuitive to the hidden hearing loss hypothesis, they are consistent with recent
findings from our group that observed elevated EFRs to AM tones in hearing impaired
subjects compared to normal-hearing subjects (Dai, 2017). In this study, the authors
theorized that enhanced AM encoding in the hearing-impaired population was due to a
corresponding loss of compression and broader tuning in the cochlear input-output
function, as evidenced by poorer DPOAE outcomes. As our blast-exposed subject group
also showed evidence of poorer cochlear function, it is reasonable to assume that the
differences we observed in the EFR slope outcomes are due to similar, albeit smaller,
differences in cochlear function between groups. Regardless of whether the EFR
outcomes are the result of suboptimal cochlear function or hidden hearing loss due to the
loss of suprathreshold responding auditory nerve fibers, both factors likely contribute to
distortion in the neural representation of fine spectro-temporal information and are

certain to have perceptual consequences in complex listening environments.

5.2: Performance in the ASA task is correlated with attentional enhancement and
suppression of the onset NI responses
All subjects performed equally well on the auditory selective attention task,
contradicting results we previously found in the Veterans’ study described in Chapter 1
of this thesis. In that study, Veterans who had been exposed to blast had significant
problems performing the ASA task, not only in correctly identifying the melodic contours
of the attended melodies, but also with task engagement and inhibition control during the

passive listening trials. Because both the audiometric measures and EFR results of the
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blast-exposed group matched those of historical normal-hearing controls, we concluded
that the cause of their problems with the ASA task were cognitive in nature (Bressler et
al., 2016).

In the current study, since we observed no difference between blast-exposed and
non-blast controls, we combined the groups and found that good performance on the
ASA task correlated with larger AMI scores. Modulation of the N1 onset responses was
observed both in the attentionally driven enhancement of the attended stream, as well as
in the suppression of the N1 onset responses of the ignored stream. To quantify how
much of an effect attentional processing had on the neural representation of both attended
and ignored stimuli, we calculated with differences in the N1 responses to each of these
attentional conditions, which we defined as the attentional modulation index (AMI). In
previous studies, we had individually quantified the attentional-related N1 amplification
and suppression based on the difference from a passive listening condition (Bressler et
al., 2016; Choi et al., 2014). Upon closer inspection of the passive listening case (see
Figure 3.10), we concluded the evoked responses in the passive listening case are
indicative the relative salience of each melodic sequence, which may be influenced in
part on the relative temporal spacing of the note onsets in the context of the other
competing melodies. Consequently, we found that quantifying N1 modulation strength
based on the passive response resulted in misleading representations of attentional
enhancement and suppression at each individual note onset.

Using the new AMI metric, we found that the neuro-modulatory effects of top-

down attention built up through time. Initially, the AMI scores were weakest in response
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to the first notes of both the leading and lagging streams. We argue the reason for this is
that exogenous attention is drawn to the start of each new melody, provided its onset is
temporally separated from the start of a previously occurring auditory event, and
overrides any endogenous top-down attention that the subjects are attempting to direct
towards a particular melodic stream. As the melodic sequences progress, top-down
attention overrides the bottom-up salience-driven attention and acts to enhance the neural
representation of the onsets of the attended stream and suppress the onset responses of the
ignore melodic streams. We found the AMI was at its maximum on the second to last
note in both the four-note leading and three-note lagging melodic streams for both control
and blast exposed subject groups. As to why the AMI is strongest at the penultimate onset
of each melody, it may be that because the melodic stimuli had temporal regularity,
subjects throughout the course of the experimental sessions may have figured out that
determining the differences between rising or falling and the alternating zig-zagging
melodic contour patterns were dependent on attending the sequences up to the last note.
For the leading melody, it was possible that the zig-zagging contour could be determined
on the third note of the four note melody, which would signal to the subject that their
attention was no longer required to determine their response. While this explanation does
not apply to the lagging melody, an alternate explanation may be that attending to three
notes instead of four is marginally an easier task require less top-down attentional
resources at the end of the melodic stimulus. Regardless, the AMI response patterns
support the idea that top-down attention and its effects on the neural representation of

attended and ignored stimuli builds up over the course of time. These results are in
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agreement with another study that observed buildup of attention in auditory cortex during
a selective attention task, which was also correlated with behavioral performance (Elhilali

et al., 2009).

5.3: Auditory factors that influence everyday listening ability in acoustic setting with
multiple competing sound sources—modeling the SSQ outcomes
The primary goal of this study was to determine whether objective measures of

hearing and cognitive processes of attention could predict differences in a subjective
measure of speech comprehension in day-to-day listening situations. Our measure of this
hearing ability was an abbreviated version of the Speech, Spatial, and Qualities of
Hearing Questionnaire. The six questions used in this survey address issues specifically
related to auditory attention (both selective and divided), listening effort, and the overall
quality of perceived sounds. Results from the SSQ survey were used to define three
different experimental groups: 1) a high functioning control group, who exhibited
average SSQ scores of 6.0 or greater (out of 10) and did not have a history of exposure to
blast, 2) a lower functioning blast group (designated blast+), whose average SSQ scores
were below 4.3 and had a history of at least one exposure to blast, and 3) an intermediate
blast(-) group who had a history of blast exposure and an average SSQ score greater or
equal to 4.3. We hypothesized that for tasks specifically related to listening and
understanding speech in crowded and noisy situations, performance would depend not
only on factors pertaining to the audibility and fidelity of the neural representation of
acoustic information, but also on how well a person could direct their attentional

resources in situations with multiple competing sound sources.
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We identified several different objective measures pertaining to audibility (pure
tone audiometric thresholds, distortion product otoacoustic emissions), distortion of
spectro-temporal acoustic information (distortion product otoacoustic emissions, auditory
brainstem responses to click and steady-state harmonic stimuli), and attentional
processing (differences in EEG-measured evoked response potentials to stimuli when
they were attended versus when they were ignored), and used them to derive 13 different
regressor variables to inform a stepwise linear regression procedure to model SSQ
outcomes. We also included age as a final regressor variable, as it is known to be
associated with hearing loss. We did not, however, include blast status as a categorical
regressor variable, because the study’s inclusion criteria predominantly used SSQ score

to assign subjects into their respective groups.

5.3.1: Everyday hearing ability as measured by the SSQ is largely predicted by age and
high frequency hearing
Multiple regression analysis showed that for all subjects, regardless of blast

exposure status, the average outcomes of the six-question SSQ survey could be predicted
by two factors, age and high frequency pure tone air conductions thresholds. These
results are consistent with previously published findings that have also demonstrated
correlations between audiometric thresholds and SSQ scores across listeners with normal
to moderately hearing impairment (Akeroyd, Guy, Harrison, & Suller, 2013; Moulin &
Richard, 2015). Similarly, the effect of age on the SSQ has also been observed between
normal hearing elderly subjects and young adults that could not be explained by

differences in audibility (Banh, Singh, & Pichora-Fuller, 2012).
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However, caution should be taken in interpreting the results presented here, as
how subjects were assigned to their respective groups likely influenced the modeling
results of this whole group analysis. Here, control subjects selected to have the highest
reported SSQ scores exhibited the lowest high frequency thresholds, while blast exposed
subjects purposely chosen to have the lowest reported SSQ scores (<4.3) had the highest
high frequency thresholds. These two groups represented what can best be described as
the “edge” cases in the blast versus non-blast cohort. To truly determine the effect of
blast exposure history on SSQ outcomes, we would also need to collect more data from
blast exposed subjects with SSQ outcomes greater than our 4.3 cutoff (the blast- group),
and actively recruit control subjects without a history of blast exposure with SSQ scores
less than the 6.0 cutoff. We currently do not have any data from this latter cohort.
Additionally, we also observed that our blast cohort was older than the non-blast controls.
Age and high frequency thresholds still remained significant predictors of average SSQ
score even after age-matching the control group; however, the statistical power in this

analysis would benefit from more numbers in each of the experimental groups.

5.3.2: If high frequency hearing is normal, attentional measures predict differences
between good and exceptional hearing ability
Even though the way we defined our inclusion criteria limited our ability to make
direct determinations of the effects of blast exposure on day-to-day listening ability, we
were still able to make inferences about how blast might have impacted different aspects
of the auditory pathway. We hypothesized for issues specifically related to understanding

speech in situations with multiple competing sound sources, like those addressed in the
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six-question SSQ survey, three factors might contribute to overall hearing ability:
audibility, distortion of the neural representation of spectro-temporal information, and
cognitive networks associated with the processing of attention. By running the stepwise
regression analysis on each experimental group separately, we theorized that different
objective measures of auditory function might contribute to the within-group variance of
the SSQ outcome scores. The strategy behind this line of analysis stems from the
observed differences in the high frequency pure tone average thresholds and DPOAEs
across the control, blast(+), and blast(-) groups. Running each group individually could
potentially act to control for the “audibility” factor and allow the regression analysis to
focus on other sources of variance in the SSQ scores.

We found that for controls, the average of the six-question SSQ survey could be
predicted by one measure of attention, the difference between the EEG-measured
auditory N1 responses to the third note of the leading melodic sequence when it was
attended versus when it was ignored. This result is consistent with our finding that this
difference in N1 response, which we named the attentional modulation index (AMI), is at
is maximum at the penultimate note of both the four-note leading and three-note lagging
melodic sequences (see Figure 3.11). The linear regression model suggests that for the
non-blast controls who were selected for their high levels of self-reported hearing ability,
when healthy cochlear function is healthy and intact, these listeners have no problems
with audibility or distortion in the spectro-temporal acoustic information. Given this high
level of peripheral hearing functionality, the only feature differentiating good from

exceptional hearing performance in multi-source acoustic environments is the individual
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differences in attentional processing capabilities. In fact, when the scores of the
individual questions of the SSQ survey were modeled, four of the six questions returned
factors that were related to the AMI of the leading melodic stream. These four questions
specifically pertained to issues related to attention and listening effort.

Unfortunately, multiple regression modeling of the blast subjects’ data, either
combined or separated into blast(+) and blast(-) groups, failed to return any meaningful
relationship between any of the objective auditory regressor variables and overall average
SSQ score. This is like due to the lack of statistical power due to the lower number of
subjects in the blast group. As of the writing of this dissertation, recruitment efforts to
increase the number of blast-exposed study participants continues. It is our hope that as
these subject numbers increase, regression modeling may yet yield meaningful
differences between the blast exposed and non-blast control groups. For now, it remains
to be seen whether a combination of cognitive and peripheral auditory processing deficits
contribute significantly to lower SSQ outcomes our blast exposed cohort.

Assuming the models derived from this study are reasonable predictions of the
SSQ outcomes of this special military population, the challenge for audiologists would be
in determining how much weight to put into standard audiological measures, like the
audiogram and DPOAE, when diagnosing a blast-exposed Service Members who
complains of having problems communicating when they are out to dinner with friends. It
may be that loss of audibility associated with just small amounts of hearing loss (less than
20-25 dB HL) is enough to make segregating and selecting sound sources in a multi-

source environment difficult enough to tax cognitive processes associated with attention.
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Those listeners who are more proficient at deploying attention may be less affected by
subtle losses in audibility and may explain large variations in selective attention
performance ability in subjects with normal hearing (Ruggles et al., 2011).

While difficulties with speech perception in everyday situations are associated
with sensorineural hearing loss, less is known about whether this symptom alone is
enough to motivate a patient to schedule an appointment with an audiologist. In our
study, we actively recruited subjects with the specific goal of finding blast-exposed
Service Members who also complained of having difficulties with speech-in-noise
situations. It is unclear whether these subjects would have sought treatment on their own
outside of the study. Even if an appointment is scheduled, there is a fair amount of
uncertainty as to how severe these difficulties have to be in order to initiate some form of
clinical intervention. Correlating survey data with objective measures of hearing function
could be a vital first step in quickly and inexpensively determining which military
Service Members might be at early risk of developing hearing loss beyond what would
normally be expected with the aging process. These findings could also potentially be
applied to a non-blast-exposed civilian population who have minimal to average levels of

noise exposure.

5.4: Caveats
As is common with many studies investigating clinical populations, finding blast
subjects who fit the study’s inclusion criteria was particularly challenging. The numbers
represented here reflect four years of actively recruiting potential study candidates from

the Walter Reed National Military Medical Center. The blast(-) group was included in the
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middle of the study in an effort to increase the numbers into the blast group. Furthermore,
not all subjects who were study-eligible completed all the test measures outlined by our
protocols resulting in a further reduction in the number of blast exposed subjects
represented in this paper. Relative to other studies that have looked for correlations
between the SSQ and other factors (Akeroyd et al., 2013; Banh et al., 2012; Moulin &
Richard, 2015; Singh & Kathleen Pichora-Fuller, 2010), this study is comparatively
underpowered and suffers from an imbalance between the experimental and control
groups.

Additionally, since designation into both the blast and non-blast control groups
was determined, in part, by the SSQ scores, the data represent the edge conditions of blast
status and self-reported hearing ability. The blast(-) group partially addresses this
sampling bias by disregarding the SSQ and combined OMT + NoSx screening criteria;
however, the same process was not applied to the non-blast control group. Although
relatively few potential non-blast control candidates (4 out of 69) were turned away based
on SSQ scores below 6.0, their inclusion would have provided vital agnostic data points
that might have improved the models’ performance. As of the writing of this thesis,
subject recruitment and data collection continue in an effort to increase the number of

subjects in the blast-exposed group.
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SUMMARY

The main purpose of the research projects detailed in this dissertation was to
understand why a certain subset of blast-exposed military Service Members with
otherwise normal audiometric thresholds complain of significant problems understanding
speech in everyday listening situations. We hypothesized that exposure to blast could
damage the auditory periphery resulting in degraded sensory information or result in
traumatic brain injury to cognitive networks associated with the processing of attention.
We posit that either of these factors alone or in combination would negatively impact
speech comprehension in listening environments with multiple competing and interfering
sound sources. The findings of each dissertation chapter are described below.

Chapter 1: Blast-exposed Veteran Service Members

The work presented in Chapter 1 of this dissertation represents our first research
study aimed differentiating cognitive versus sensory deficits in auditory processing in
blast-exposed Service Members. Through a collaboration with the Neurorehabilitation
Lab at VA Boston Healthcare (Jamaica Plain, MA), we were fortunate enough to gain
access to and recruit blast-exposed Veteran Service Members who had served in
Operations Iraqi and Enduring Freedom into our study. The study had three different
aims. First, we needed to confirm whether these Service Members had similar perceived
difficulties with speech comprehension in everyday listening situations like problems
described in both anecdotal and published reports. Second, we wanted to measure
outcomes of both traditional and “hidden” hearing loss. Third, we wanted to determine

whether the blast-exposed Veteran Service Members would exhibit problems with
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attentional processing while performing a specially designed auditory selective attention
(ASA) task. If our Veteran subjects had problems performing this task, we expected these
behavioral complications to be reflected in the neural responses, as well. Overall, we
hypothesized that if these Veteran Service Members were to have complication with
speech perception in noise, it would likely be the result of some form of compromised
auditory sensory processing caused by blast-induced hearing loss (traditional or hidden),
dysfunctional cognitive processing from blast-induced damage to cortical networks of
attention and working memory, or possibly some combination of the two.

Of the 14 blast exposed Veteran Service Members we tested, most reported
problems with listening to speech in the presences of competing speech or noise as
determined from the results of a 12-question version of the Speech, Spatial, and Qualities
of Hearing questionnaire. We limited our testing to blast-exposed subjects who had
audiometric thresholds that were, on average, within normal limits (<25 dB HL).
Additionally, we found that measures of the auditory brainstem’s ability to encode
envelope fluctuations of an amplitude modulated tone were statistically indistinguishable
between blast and control groups. Although the early auditory sensory processing in the
blast group appeared to be functioning normally, they struggled substantially at
performing the ASA task. Errors in task performance point to problems with focusing and
holding attention, task engagement, and an inability to suppress response behavior when
specifically instructed. Because all of our blast exposed study volunteers were also
undergoing treatment for post-traumatic stress disorder (PTSD), whose symptoms are

comorbid with those of traumatic brain injury, we could only conclude that complications
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with speech comprehension in noise in this blast group were due to cognitive, not
sensory, processing issues. However, we could not rule out PTSD as the main factor
causing these issues. In order to determine whether exposure to blast alone was at the root
of the speech comprehension problems, we would have to carefully recruit subjects
without a current history of PTSD and compare their results to a demographically similar
non-blast exposed subject group. This was the focus of the work described in Chapter 2
of this thesis.
Chapter 2: Sensory and cognitive auditory processing in active duty military Service
Members

While we were fortunate to gather meaningful data from 12 of 14 Veteran study
volunteers, this initial study was limited in its design due to restrictions put in place by
the Veterans Administration (VA) preventing us from recruiting non-blast Veteran
Service Members. In our second experiment, the Auditory Neuroscience Lab at Boston
University partnered with the Department of Audiology at the Walter Reed National
Military Medical Center in Bethesda, MD. Through this collaboration, we were given
access to active duty Service Members who were referred to our study through a requisite
hearing conservation program that is part of a fitness for duty evaluation. From this
potential pool of study participants, we initially recruited blast exposed Service Members
who reported having problems listening in everyday situations as determined by a 6-
question version of the SSQ survey and whose performance on challenging version of a
speech-in-noise hearing test fell below a predetermined threshold level. Study candidates

without a history of blast exposure were recruited into the control group provided their
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average SSQ scores were above 6.0 (out of a possible 10) and they scored well on the
speech-in-noise task. Because the results from the ASA task in the Veterans’ study
yielded dramatic differences between the blast and control groups, our initial strategy was
to recruit subjects whose self-perceived hearing abilities in everyday listening situations
represented opposite ends of the spectrum. Later we would learn that these initial
inclusion criteria would prove to be too restrictive and ultimately prevented us from
recruiting adequate numbers into the blast group in a timely fashion. To address this
problem, we allowed any subject with a history of blast exposure into the blast group,
which resulted in two sub-groups of blast participants: a blast(+) group, who met the
initial inclusion criteria, and a blast(-) group whose screening measures fell outside of the
inclusion criteria boundaries. As comorbid PTSD was a significant confounding factor in
the first experiment, we made an effort to recruit participants without a PTSD diagnosis.
In cases where subjects had a documented PTSD diagnosis, we permitted their inclusion
into the study provided their symptoms were presently managed and under control.

In addition to the air conduction audiogram, which was the only clinically
standard hearing measure run in the first experiment, we also collected measures of
cochlear outer hair cell (OHC) function using the distortion product otoacoustic emission
(DPOAE) test, and a measure of auditory brainstem response to a 100-us click stimulus.
We also repeated the ASA task used in the blast exposed Veterans study reported in
Chapter 1 and additionally included an analogous visual selective attention (VSA) task,
to test whether possible damage to cognitive networks of attention was specific to

sensory modality. Finally, subjects were given a comprehensive neurocognitive test
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battery, which measured several aspects of cognitive function including memory,
attention, processing speed, working memory, linguistic processing, and executive
function.

We found evidence of sub-clinical levels of hearing loss in both the audiogram
and distortion product otoacoustic emissions (DPOAESs) of the blast-exposed cohort
compared to controls. We also found differences in the way the blast exposed subjects’
auditory brainstem represented changes in envelope modulation depth to an amplitude
modulated high frequency tone compared to non-blast control subjects. Whether this
difference in subcortical brainstem encoding of suprathreshold sound is indicative of loss
of low spont SR fibers as the result of cochlear synaptopathy or a consequence of
compromised cochlear function is matter that warrants further investigation. In contrast to
what we found in Experiment 1, results from the ASA and the VSA showed no
differences between the blast exposed and non-blast controls in either behavioral
performance or EEG-measured neural responses to attended versus ignored stimuli.
These results suggest that at least for this group of subjects, attentional networks
associated with both auditory and visual processing of multi-stimulus information were
either unharmed or have sufficiently recovered since the time of injury. Despite lack of
evidence of damage to cortical networks associated with processing information in these
two highly specialized attentional tasks, results from the cognitive test battery revealed
differences in cognitive processing speed between the blast exposed and non-blast

controls. Further work investigating the effects of reduced processing speed and its effect
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on speech comprehension in noisy multi-sound source environments represents an
interesting avenue of future investigation.

Chapter 3: Factors influencing speech comprehension in acoustic settings with

multiple competing sound sources
The experiments described in Chapter 2 of this thesis resulted in a number of

measures of auditory function. As the main objective of the work described in this
dissertation is focused on determining why military Service Members with otherwise
normal to near-normal hearing thresholds are having problems understanding speech day-
to-day listening situations, we asked whether a person’s ability to comprehend speech in
noise could be predicted from a host of primarily objective measures (requiring little to
no feedback or active participation from the test subjects) of auditory function. We
expanded on a model first proposed in the 1970’s, which posited that hearing impairment
as a communicative handicap could be explained by two different factors of auditory
function: 1) audibility, characterized as the collective attenuation of all acoustic
information entering the auditory pathway and 2) distortion, roughly described as a
decrease in signal-to-noise ratio due to compromised neural representations of fine
spectro-temporal information of the acoustic stimulus (Plomp, 1978). Here, we presented
the idea of an additional third factor, related to attention. Understanding speech in
environments with multiple competing sound sources requires coordinated control of
both sensory and cognitive networks in order to fixate, disengage, and re-engage
attentional resources (Shinn-Cunningham, 2008). From the ASA task in Experiment 2,

we derived a quantitative measure of how well the brain changes or modulates its
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response based on task goals by comparing responses to the same stimulus when it was
attended versus ignored, which we dubbed the attentional modulation index (AMI).
Along with standard clinical auditory measures (audiogram, DPOAE, auditory
brainstem responses (ABR) to a click stimulus) and experimental measures of
suprathreshold auditory brainstem coding fidelity (envelope following response, EFR),
we used this AMI metric as regressor variable to be fed into a stepwise linear regression
model. We used an abbreviated six-question version of the Speech, Spatial, and Qualities
of Hearing questionnaire (SSQ) as our subjective measure of listeners’ hearing ability in
everyday listening situations (Gatehouse & Noble, 2004). The six questions on the survey
specifically deal with real world listening scenarios related to attention (both selective
and divided), listening effort, and overall perceived quality of sounds. Running the model
on all subjects, regardless of blast exposure status, we found that subjects’ age and high
frequency thresholds (> 3 kHz) accounted for 38.8% of the variance in the average score
of the six question survey. However, because subjects were recruited into this study
based both on their blast exposure history and their SSQ scores, this model likely defined
a linear relationship between two extreme experimental condition: non-blast controls with
normal hearing and highly self-rated hearing ability and blast-exposed subjects with
slight hearing loss and poor self-rated hearing ability. As we were informed of the
subjects’ blast history, we modeled the blast exposed and non-blast control separately,
with the idea that different factors might explain the variance in the SSQ scores within
each group, possibly identifying specific auditory systems affected by blast. We found

that for high functioning, normal-hearing controls, one measure of attention explained
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25.2% of the variance of the average SSQ scores. Similar attentional measures were
found to predict outcomes from the individual survey questions. Unfortunately, we were
unable to determine any significant regression equations for the blast group. This is likely
due to the comparatively fewer numbers making up this test group (65 controls versus 20
blast). As of the writing of this dissertation, recruiting efforts are continuing at Walter
Reed. It is our hope that we will soon have enough blast-exposed study participants to
make proper comparisons between groups with adequate statistical power.
Conclusions

Taken together, results from the three chapters described above showed that
despite having normal to near-normal hearing, blast exposed Service Members showed
signs of sub-clinical levels of hearing loss as reflected in both higher audiometric
thresholds and lower DPOAESs compared to those of the non-blast controls. We showed
that even this slight to mild loss of peripheral auditory function can impact speech
comprehension in everyday listening situations. Furthermore, our results demonstrate
how comorbid traumatic brain injury and post-traumatic stress disorder can further
impact performance in tasks that require fine control of attentional processes. As
maintaining and switching attention is a vital part of being able to hold meaningful
conversations in listening environments with competing and interfering sound sources
(Shinn-Cunningham, 2008), the combination of all these factors represents a significant
challenge when diagnosing hearing loss in blast-exposed military Service Members. It is

our hope that the findings detailed in this dissertation will help inform audiologists and
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other health professionals develop treatment and rehabilitative strategies for this
specialized group of patients.
Caveats

It is important to reiterate that the experiments in Chapter 2 were designed to
address shortcoming from the Veterans’ study from Chapter 1. In the Veterans’ study, all
of the blast-exposed subjects were currently receiving treatment for severe PTSD, which
we would later determine had a significant impact on how well these subjects performed
on the auditory selective attention task. Additionally, we could only compare results to
college-aged subjects from other similar studies, as access to appropriately matched
Veterans with no history of blast exposure was restricted.

Initially, recruitment of subjects into both the control and blast exposed groups in
Chapter 2 was based on inclusion criteria that were chosen to highlight differences in
attentional processing originally observed in Chapter 1. When PTSD status was
controlled for, we found active duty Service Members without a PTSD diagnosis or
whose PTSD was properly managed had no problems performing either the auditory or
visual selective attention task. Unfortunately, by recruiting subjects that represented the
extreme ends of hearing ability as defined by a subjective survey of hearing ability in
everyday listening situations (i.e., non-blast subject with high functioning hearing and
blast exposed subjects with low functioning hearing), we missed important data from
subjects representing the “middle” cases. These include blast-exposed subjects who
exhibit a high degree of hearing ability, as well as subjects without a history of blast

exposure who reported low levels of hearing ability. Without these important subject
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cohorts, it is difficult for us to determine to what extent exposure to blast affected both
the sensory and cognitive processes involved in a listener’s ability to understand speech
in listening environments with competing and interfering sounds.
Future Work
Currently, recruitment of blast-exposed study candidates regardless of their self-
reported hearing status is continuing at Walter Reed National Military Medical Center.
Once we reach our target number of blast-exposed subjects, it is our intention to submit

our results for consideration of publication in the Journal of Neurotrauma.
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