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Abstract—Vast numbers of blast-injured Operation Iraqi Free-
dom/Operation Enduring Freedom/Operation New Dawn per-
sonnel report postconcussive symptoms that include headache, 
dizziness, poor memory, and difficulty concentrating. In addi-
tion, many report hearing problems, such as difficulty under-
standing speech in noise, yet have no measureable peripheral 
auditory deficits. In this article, self-report and performance-
based measures were used to assess 99 blast-exposed Veterans. 
All participants reported auditory problems in difficult listen-
ing situations but had clinically normal hearing. Participants’ 
scores on self-report questionnaires of auditory difficulties 
were more similar to scores of older individuals with hearing 
impairment than to those of younger individuals with normal 
hearing. Participants showed deficits relative to published nor-
mative data on a number of performance-based tests that have 
demonstrated sensitivity to auditory processing deficits. There 
were several measures on which more than the expected num-
ber of participants (15.9%) performed one or more standard 
deviations below the mean. These were assessments of speech 
understanding in noise, binaural processing, temporal resolu-
tion, and speech segregation. Performance was not universally 
poor, with approximately 53% of participants performing 
abnormally on between 3 and 6 of the 10 measures. We con-
cluded that participants exhibited task-specific deficits that add 
to the evidence suggesting that blast injury results in damage to 
the central auditory system.
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INTRODUCTION

Over the last decade, vast numbers of personnel from 
Operation Iraqi Freedom (OIF), Operation Enduring 
Freedom (OEF), and Operation New Dawn (OND) mili-
tary operations have sustained blast-related injuries. As a 
result, considerable attention has been paid to combat-
related blast exposure and resultant traumatic brain injury 
(TBI) by the Department of Defense, Department of Vet-
erans Affairs (VA), and public health experts [1–5]. 
Many blast-injured personnel receive diagnoses of TBI 
[6–7] and experience postconcussive symptoms long 
after leaving military service [8]. These problems are 
exacerbated because many blast-related TBIs are charac-
terized as “mild” [9], so the servicemember often returns 
to full status duty soon after the event that caused the 
injury [5] and thus potentially sustains further blast-
related injuries. For instance, Fischer documented that of 
307,282 TBIs documented across four branches of the 
military since 2000, 82.5 percent were classified as mild 
[9]. In addition to those individuals with formal diagno-
ses of TBI, other current and former military service-
members who have not received formal TBI diagnoses 
also report symptoms typical of persistent postconcussive 
syndrome, such as headache, dizziness, poor memory, 
and difficulty concentrating [10–11].

In addition to typical postconcussive symptoms, 
many blast-exposed Veterans report difficulty under-
standing speech in noise and problems with auditory 
memory yet have no measureable peripheral auditory 
deficits [12–14]. Some authors have concluded that these 
auditory complaints reflect symptoms primarily associ-
ated with posttraumatic stress disorder (PTSD) [15], 
while others suggest they are associated with blast-
related TBI [16], and more specifically, blast-related 
damage to the central auditory system [11–12,17–18]. 
The proposed mechanism for such damage is that a pri-
mary blast injury leads to contusions from the brain mov-
ing within skull, hemorrhaging from the tearing of 
surface veins, and diffuse axonal injury as neurons are 
sheared and stretched in the lower- and mid-brainstem 
nuclei, thalamus, and corpus callosum and synaptic struc-
tures connecting nuclei within the central auditory sys-
tem [6,19–20], which in turn negatively affects auditory 
and speech processing [18].

To date, one published study assesses the effects of 
blast on the central auditory system in Veterans by using 
behavioral measures of auditory function [18]. In that 

study, the performance of 36 hospitalized OIF/OEF ser-
vicemembers whose medical records documented one or 
more high-explosive blast events within the preceding 
year was compared with the performance of a control 
group consisting of 29 servicemembers without blast 
exposure. The groups were statistically matched on age, 
sex, and audiometric configuration. While all participants 
had pure tone thresholds of 25 dB hearing level (HL) at 
frequencies from 250 to 8,000 Hz and over 90 percent in 
each group had age-appropriate word recognition scores, 
39 percent of the blast-exposed participants performed 
below normal on a measure of speech-in-noise (Quick-
SIN) [21] compared with 3 percent of the control group. 
Similarly, relative to the control group, a greater propor-
tion of the blast-exposed group had abnormal perfor-
mance in one or both ears on a measure of auditory 
temporal resolution (Gaps-In-Noise Test) [22] (39% vs 
3%), on a test of binaural processing (masking level dif-
ference) [23–24] (33% vs 3%), and on a measure of 
speech segregation and competing speech (Staggered 
Spondaic Word Test [SSW]) (44% vs 3%). Performance 
deficits among the blast-exposed group were not univer-
sal, in that there were no between-group differences in 
the percentage of individuals with abnormal performance 
on measures of dichotic listening (Dichotic Digits Test) 
[25] and temporal pattern perception (Frequency Patterns 
Test) [26]. Gallun et al. concluded that even without 
obvious significant damage to the brain, evidence exists 
that a large proportion of blast-exposed individuals may 
have central auditory processing disorders [18].

In 2010, an informal survey of VA audiologists found 
that 92 percent encountered at least one OIF/OEF/OND 
Veteran per month who had difficulties hearing and yet 
had normal or almost normal pure tone sensitivity, with 
53 percent of audiologists encountering between one and 
three per month and 39 percent encountering four or more 
per month [14]. In terms of clinical management for these 
individuals, no approaches have an evidence base. This is 
reflected in clinical practice in that although 33 percent of 
audiologists who responded to the survey reported pro-
viding Veterans with a personal frequency modulation 
system and 26 percent reported providing auditory train-
ing, 30 percent said they were unsure about what to do 
when they encountered these individuals. This illustrated 
the need to examine potentially effective interventions for 
this population. As part of a randomized controlled trial 
(RCT) to address this need, we collected baseline data 
from 99 normal-hearing, blast-exposed Veterans reporting 
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auditory difficulties. These baseline 

Figure 1.
Participant inclusion and exclusion criteria. HL = hearing level.

data are reported 
here. The data provide further insight about the popula-
tion and the relationship between reported auditory diffi-
culties and auditory function. This sheds further light on 
the effects that blasts may have on the central auditory 
system and provides clinicians with further knowledge so 
they can make better-informed decisions about auditory 
rehabilitative clinical management.

METHODS

Participants
Participants were 99 Veterans recruited from the 

Portland VA Health Care System, Portland, Oregon, and 
the James A. Haley Veterans’ Hospital, Tampa, Florida. 
Participants were recruited via fliers posted around the 
VA medical centers, and letters inviting participation 
were sent to Veterans who had recently attended an 
appointment at the Audiology and Speech Pathology, 
OIF/OEF/OND, and/or TBI clinics. The number of par-
ticipants recruited was based on a power analysis for the 
RCT. Figure 1 shows inclusion and exclusion criteria, 
while Table 1 provides demographic and audiometric 
data for participants at each test site separately. Table 1
shows that the mean four-frequency pure tone average 

(4F-PTA) (mean of thresholds at 500, 1,000, 2,000, and 
4,000 Hz) was well within normal limits. Word recogni-
tion in quiet, assessed using the Maryland CNC 25-word 
list presented at 40 dB sensation level (SL), showed that 
the vast majority of participants had excellent word rec-
ognition scores, with 94.5 percent of participants scoring 
90 percent. Four individuals had relatively poor scores 
that were below 85 percent in both ears (70% and 76%, 
78% and 82%, 80% and 80%, and 84% and 84% for left 
and right ears, respectively). As is typical of a Veteran 
population, most participants were male. There were just 
two significant between-site differences: participants at 
the Tampa site had slightly poorer 4F-PTAs (by 2–3 dB) 
and were more racially diverse than those at the Portland 
site. It was considered unlikely that these minor differ-
ences affected performance on other test measures; thus, 
the remaining data are presented for both sites combined.

As required for study inclusion, all individuals 
reported exposure to one or more blasts or explosions 
from an improvised explosive device, a rocket-propelled 
grenade, land mine, grenade, etc. In addition, 35 percent 
had been involved in a vehicular accident that resulted in 
some form of head injury, 30 percent sustained a head 
injury following a fall, 26 percent sustained a head injury 
in some other manner, and 9 percent sustained a fragment 
wound or bullet wound above the shoulders. Further, 
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Characteristic
Portland
(n = 42)

Tampa
(n = 57)

Between-Site Comparison
Test Statistic p-Value

Age, yr (mean ± SD [range]) 34.6 ± 7.9 (23–52) 33.5 ± 8.3 (22–53) F = 0.45 0.50
Sex (%) χ2 = 2.28 0.13

83 93
17 7

Four-Frequency Pure Tone Average, db HL 
(mean ± SD [range])

F = 8.02 0.006

11.5 ± 5.5 (0–27.5) 13.8 ± 6.3 (0–30)
9.9 ± 4.6 (1.3–18.8) 13.3 ± 5.1 (3.8–26.3)

Word Recognition, % (mean ± SD [range]) F = 1.73 0.19
95.5 ± 5.3 (78–100) 96.4 ± 5.7 (70–100)
94.9 ± 4.9 (80–100) 96.6 ± 4.4 (76–100)

Race (%) χ2 = 10.90 0.01
91 61
2 18
5 14
2 7

Education Level (%) χ2 = 6.86 0.14
12 16
0 11

69 49
12 18
7 7

80 percent reported experiencing headache, 73 percent 
reported feeling dazed, 42 percent reported amnesia for 
the blast event, and 35 percent reported loss of con-
sciousness immediately after the blast event. Despite 
these many reports of head-related injury, just 19 percent 
of participants had a confirmed diagnosis of TBI noted in 
their medical records.

Test Measures
Table 2 lists self-report and behavioral measures 

used in the RCT to characterize the study population and 
serve as outcome measures, further described next.

Self-Report Measures
Reported functional hearing problems were assessed 

with the Functional Hearing Questionnaire (FHQ).*

Myers developed the FHQ for audiology clinic use to 
quantify the degree and areas of perceived hearing diffi-
culty among Veterans with a mild TBI complaining of 
listening problems with normal or near-normal audio-
grams. The questions were derived from common com-
plaints that audiologists, speech-language pathologists, 

and a TBI neuropsychologist frequently encountered 
while working with patients with a TBI at the James A. 
Haley Veterans’ Hospital. The questionnaire consists of 
nine questions that assess perceived hearing difficulties 
in nine communication situations (see Table 3 for each 
item). Participants rate their degree of difficulty in each 
situation on a 4-point scale: “not at all true” (1 point), 
“slightly true” (2 points), “mostly true” (3 points), or 
“very true” (4 points). A total score is obtained by sum-
ming points on each item. Possible scores range from 9 
points (no functional hearing problems) to 36 points 
(maximum functional hearing problems).

Reported hearing disability in the domains of speech 
understanding, spatial hearing (direction, distance, and 
movement), and quality (ease of listening, naturalness, 

Table 1.
Participant characteristics.

Male
Female

Left Ear
Right Ear

   Left Ear
   Right Ear

   Caucasian
   Black
   Hispanic
   Other

   High School
   Current Student
   Some College
   College Degree
   Graduate Degree

HL = hearing level, SD = standard deviation.

*Myers, Paula (James A. Haley Veterans’ Hospital, Tampa, FL). 
Email to: Gabrielle H. Saunders (National Center for Rehabilitative 
Auditory Research, VA Portland Health Care System, Portland, OR; 
and Department of Otolaryngology, Oregon Health and Science Uni-
versity, Portland, OR). 2010 Oct 5.
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Test Measure Brief Description
Functional Hearing Questionnaire Measure of perceived communicative difficulties in common listening situations.
Speech, Spatial, and Qualities Questionnaire Measure of auditory disability in three domains: speech understanding, spatial hearing 

(direction, distance, movement), and quality (ease of listening, naturalness, clarity).
Hearing in Noise Test Adaptive test of sentence understanding in presence of speech-shaped noise masker.
North American Listening in Spatialized

Noise-Sentence Test
Adaptive test of auditory segregation skills measured for sentence understanding in pres-

ence of same or different competing talker and with and without spatial separation.
Adaptive Tests of Temporal Resolution Gap detection measure of temporal resolution that assesses within-channel and across-

channel gap detection.
Modified DS Measure of auditory working memory assessing DS-Forward and DS-Backward.
Time Compressed Speech Test Sentence-based measure of ability to understand speeded speech.
Staggered Spondaic Word Test Measure of ability to segregate competing speech signals using spondaic word pairs.
Woodcock Johnson Story Recall subtest of

Woodcock Johnson Tests of Achievement-III
Measure of ability to recall content of stories that range in length and content

complexity.
Stroop Color and Word Test Measure of ability to ignore irrelevant stimuli.

FHQ
Response (%)

Not At All
True

Slightly
True

Mostly
True

Very
True

I have a difficult time understanding what others are saying in background noise. 2.0 22.2 36.4 39.4
I have difficulty understanding what is being said on the telephone. 13.1 33.3 33.3 20.2
I have a difficult time understanding fast speech. 11.1 34.3 30.3 24.2
I have problems understanding what is being said in rooms that have an echo. 23.2 30.3 24.4 22.2
I have problems following a series of spoken instructions. I need to hear only one 

instruction at a time.
22.2 34.3 25.3 18.2

I have problems following long conversations. I tend to miss things that were said. 12.1 31.3 29.3 27.3
I need more time than others to process spoken information. 25.3 30.3 30.3 14.1
I have problems paying attention when people talk to me. 30.3 29.3 24.2 16.2
I have problems understanding when I am looking at the person who is speaking. 43.4 33.3 18.2 5.1

and clarity) was measured using the Speech, Spatial, and 
Qualities (SSQ) questionnaire [27]. The SSQ question-
naire consists of 50 statements to which participants 
respond on a 10-point scale from “not at all” (0 points) to 
“perfectly” (10 points). Average scores on each domain 
are computed. Possible scores range from 0 points (maxi-
mum disability) to 10 points (no disability).

Behavioral Measures
Speech understanding in noise was assessed using the 

Hearing in Noise Test (HINT), in which the signal to noise 
ratio (SNR) for 50 percent correct identification of sen-
tences is obtained using an adaptive procedure, yielding a 
speech reception threshold in noise (SRTN) [28]. The test 
materials consist of 10 equivalent 20-sentence lists and 

accompanying masking noise shaped to the average long-
term spectrum of the sentences. The participant’s task is to 
repeat back each sentence. Sound field testing was con-
ducted in a sound-attenuating booth for two conditions: 
(1) two loudspeakers at a distance of 1 m from the lis-
tener’s head with speech presented from 0° azimuth and 
noise from 90° azimuth and (2) two loudspeakers at a dis-
tance of 1 m from the listener’s head with speech pre-
sented from 0° azimuth and noise from 270° azimuth. The 
level of the noise masker was fixed at 65 dB sound pres-
sure level (SPL); the level of the sentences was adjusted 
adaptively depending on performance. Specifically, for 
each sentence repeated correctly, the level of the sentences 
was decreased (SNR made more adverse) in 4 dB steps for 
sentences 1 through 4, and in 2 dB steps thereafter. If one 

Table 2.
Description of test measures.

DS = Digit Span Test.

Table 3.
Functional Hearing Questionnaire (FHQ) scores.
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or more words was repeated incorrectly, the sentence level 
was increased (SNR made less adverse) instead. The 
SRTN was computed by averaging the SNR for sentences 
5 through 20, along with the SNR at which a 21st sentence 
would have been presented. Any occasion for which the 
standard deviation (SD) of presentation levels met or 
exceeded the 95th percentile for the distribution of SDs as 
defined in the HINT manual was rerun. Results from the 
two conditions were averaged because all participants had 
symmetrical hearing.

Auditory segregation skills were measured using the 
North American Listening in Spatialized Noise-Sentence 
Test (NA LiSN-S) [29]. Target sentences are spoken by a 
female in the presence of a competing signal that is either 
the same female voice or a male voice narrating a story. 
The participant’s task is to repeat back each target sen-
tence. Testing was conducted binaurally through head-
phones. The presentation level of the competing signal 
was fixed at 55 dB SPL, and the level of the sentences 
was varied adaptively from a starting level of 62 dB SPL 
as follows: The sentence level was decreased by 2 dB 
(SNR made more adverse) if the listener repeated back 
more than 50 percent of the words correctly and 
increased by 2 dB (SNR made less adverse) if the listener 
repeated back less than 50 percent of the words correctly. 
The level remained unchanged if exactly 50 percent of 
the words were repeated correctly. Four conditions were 
tested: (1) target sentence with competing speech pre-
sented by the same talker at 0° azimuth, (2) target sen-
tence with competing speech presented by different 
talkers at 0° azimuth, (3) target sentence presented from 
0° azimuth and competing speech at ±90° by the same 
talker, and (4) target sentence presented from 0° azimuth 
and competing speech at ±90° by different talker. For 
analyses, two variables were computed: spatial advantage 
(the extent to which the listener gains advantage for spa-
tial separation) = the difference in SNR between condi-
tions 1 and 3, and talker advantage (the extent to which 
the listener gains advantage for differing-talker cues) = 
the difference in SNR between conditions 1 and 2.

Temporal resolution was assessed using the Adaptive 
Tests of Temporal Resolution (ATTR) [30], in which gap 
detection thresholds are measured using an adaptive two-
interval forced choice paradigm. The listener is presented 
with two bursts of noise, each 150 ms in duration and one 
of which has a silent gap embedded in it. The listener’s 
task is to identify the interval in which the burst of noise 
has the silent gap embedded in it. The duration of noise 

prior to the gap is always a fixed duration (400 ms) and 
the duration of the noise after the gap varies randomly in 
duration between 250 and 350 ms [31]. If the target inter-
val is identified correctly on two consecutive occasions, 
the duration of the gap is decreased by a factor of 1.2 
(task is made more difficult). If the interval is identified 
incorrectly, the duration of the gap is increased by a fac-
tor of 1.2 (task is made easier). This targets the paradigm 
to reach the 70.7 percent correct gap detection threshold. 
Within-channel (WC) and across-channel (AC) gap 
detection thresholds were measured. For the WC task, 
both the first (before the gap) and second (after the gap) 
markers were narrow bands of noise centered at 2,000 Hz.
For the AC task, the first marker was a narrow band of 
noise centered at 2,000 Hz, while the second marker was 
a narrow band of noise centered at 1,000 Hz. According 
to some [32–33], WC gap detection is easier than AC gap 
detection because WC gap detection only requires moni-
toring in one neural channel while AC gap detection 
requires monitoring in different channels for onset and 
offset. Testing was conducted binaurally through HD 201 
headphones (Sennheiser; Wedemark, Germany) at a com-
fortable listening level. Actual output levels for each par-
ticipant were not measured because data show that 
presentation level has a negligible effect of gap detection 
thresholds once the signal is above 25 to 30 dB SL [31]. 
Two repetitions in each condition were measured. If the 
geometric means of the two repetitions differed by more 
than a factor of 2, a third run was completed, and the two 
closest thresholds were averaged for the final gap detec-
tion threshold.

The ability to understand speeded speech was 
assessed using the Time Compressed Speech Test 
(TCST) [34]. The TCST consists of Institute of Electrical 
and Electronics Engineers sentences [35] that have been 
time-compressed at 50 and 60 percent using custom soft-
ware [34]. Participants are presented with 10 sentences at 
each compression rate through a loudspeaker located at 
0° azimuth 1 m from the listener’s location at a presenta-
tion level of 55 dB HL. Each set of sentences was pre-
ceded by 10 practice sentences presented at a normal 
speed. Sentences were scored in terms of the number of 
key words repeated correctly (5 key words per sentence) 
and a percent correct score computed for each condition.

Ability to segregate competing speech signals was 
measured with the SSW [36]. The SSW consists of 40 
spondee word pairs (e.g., day-light, back-door) presented 
through TDH-39 headphones at a level of 55 dB HL. On 
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each trial, one spondee is presented to the left ear and one 
is presented to the right ear in a time-staggered manner 
such that the first syllable of the first spondee is presented 
in isolation, the second syllable of the first spondee is 
then presented at the same time as the first syllable of the 
second spondee, and finally, the second syllable of the 
second spondee is presented in isolation. The listener’s 
task is to repeat back each spondee. The test began with 
the first spondee presented to the right ear and the second 
spondee presented to the left ear. The order of ear presen-
tation was alternated in subsequent trials. The total num-
ber of errors was used as the primary metric of interest 
because it has been noted as the most appropriate metric 
when data are from individuals with normal hearing [36]. 
However, analyses examining left competing (LC), left 
noncompeting (LNC), right competing (RC), and right 
noncompeting (RNC) errors were also conducted.

Auditory working memory was assessed using a 
modified recorded version of the Digit Span Test (DS), a 
subtest of the Wechsler Adult Intelligence Scale-3rd edi-
tion (WAIS-III) [37]. This test involves both auditory and 
cognitive processing. DS-Forward (memory for digits 
repeated in the sequence they were presented) and DS-
Backward (memory for digits repeated in the reverse 
sequence they were presented) scores are obtained. The 
number of digits in a sequence can range from two to nine 
in DS-Forward and from two to eight in DS-Backward.
Each sequence length has two trials (two trials of a 2-
digit sequence, two trials of a 3-digit sequence, etc.). If 
all digits are repeated in the appropriate order, 1 point is 
awarded; if the response is in any way incorrect, 0 points 
are awarded. If either of the two trials in a given 
sequence length is repeated correctly, the next sequence 
length is presented. If neither trial in a sequence length is 
repeated correctly, testing is terminated. DS scaled scores 
were obtained using the age-appropriate conversion table 
in the WAIS-III administration and scoring manual. 
Scaled scores have a mean of 10 and SD of 3. For the 
current study, the DS stimuli were modified by making a 
recording (in lieu of live voice presentation) of a female 
speaking the digit sequences and replacing the digit 7 
(bisyllabic) with the digit 10 (monosyllabic).

Working memory for spoken language was assessed 
with the Woodcock Johnson Story Recall subtest of the 
Woodcock Johnson Tests of Achievement-III (WJ-III) 
[38]. Listeners must recall the content of stories that 
range in length and content complexity from two sen-
tences with 3 content units to five sentences with 21 con-
tent units. This measure requires both auditory and 

cognitive processing. Recordings of the stories were pre-
sented at a comfortable listening level through a loud-
speaker located at 0° azimuth 1 m from the listener. 
Participant responses were recorded for later transcrip-
tion and scoring. Due to the subjective nature of the pro-
cess, the transcriptions were independently scored by two 
members of the research team. One point was awarded 
for each content unit correctly recalled. Scores from the 
two scorers were averaged and a total score was com-
puted. This value was converted into a standard score 
using the WJ-III scoring software. Standard scores have a 
mean of 100 and SD of 15.

Attention and cognitive interference was measured 
using the Stroop Color and Word Test [39]. While this 
measure does not involve auditory processing, it was 
included because it assesses cognitive flexibility and 
resistance to interference from outside stimuli, which 
would be likely to influence an individual's ability to 
cope with cognitive stress and process complex input 
such as speech in difficult listening situations. Partici-
pants are shown 100 test items in each of three condi-
tions: a Word page, a Color page, and a Color-Word page. 
The Word page consists of the words “red,” “blue,” and 
“green” printed in black ink. The Color page consists of 
the item “XXXX” printed in red, blue, or green ink. The 
Color-Word page consists of the words from the Word 
page printed in the colors from the Color page. For the 
Word page, participants read the words as quickly as they 
can, while for the Color and Color-Word pages, partici-
pants name the color of the ink as quickly as they are 
able. A Stroop Interference t-score is the difference 
between the color-word and predicted interference 
scores. This was obtained using scoring software pro-
vided by Golden and Freshwater [39]. T-scores have a 
mean of 50 and SD of 10.

Procedures
The methods for the initial two study visits in the 

RCT are described next. It is the data from these two vis-
its that were used to characterize the study population 
and examine relationships between reported auditory dif-
ficulties and auditory function. Participants received $25 
for each study visit.

Visit 1
Participants signed a consent form to confirm that 

they understood the study purpose and procedures. Inclu-
sion-exclusion assessments were then completed. Audi-
ometry was conducted in a sound-attenuating booth using 
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clinically recommended procedures [40]. All other tests 
were conducted in a quiet, well-lit room. The case history 
and FHQ were completed in interview format. The visit 
lasted between 1 and 1.5 h.

Visit 2
Visit 2 took place within 3 wk of visit 1. Performance 

on the behavioral outcome measures was assessed 
(HINT, ATTR, TCST, SSW, DS, Woodcock Johnson 
Story Recall, and Stroop Color and Word Test). With the 
exception of the Stroop Color and Word Test, all testing 
was conducted in a sound attenuating booth. The HINT, 
DS, TCST, and Woodcock Johnson Story Recall were 
conducted in the sound field; the ATTR and SSW were 
administered via headphones. The Stroop Color and 
Word Test was conducted in a quiet, well-lit room. The 
visit lasted between 1.5 and 2 h.

RESULTS

Analyses
Study data were collected and managed using RED-

Cap electronic data capture tools hosted at Oregon Health 
and Science University [41]. REDCap (Research Elec-
tronic Data Capture) is a secure Web-based application 
designed to support data capture for research studies, pro-
viding (1) an intuitive interface for validated data entry, 
(2) audit trails for tracking data manipulation and export 
procedures, (3) automated export procedures for seam-
less data downloads to common statistical packages, and 
(4) procedures for importing data from external sources. 
De-identified data were entered by hand into REDCap by 
two members of the research team at each test site. One 
individual read aloud the values while the other entered 
them into the database. The values were then read back 
from the database to double-check entry. The final data 
were downloaded into SPSS version 21 (IBM Corpora-
tion; Armonk, New York) for analysis. Distributions of 
values for each variable were examined to further check 
data entry. Any outlier values were checked against the 
source data and corrected if necessary.

Reported Hearing Difficulties
The FHQ and SSQ questionnaire were used to charac-

terize reported hearing-related difficulties. Table 3 shows 
the 

Figure 2.
Mean Functional Hearing Questionnaire (FHQ) scores and error 

bars showing ±1 standard error for individuals in current study 

(light gray bar) and data collected by Myers* from blast-exposed, 

normal-hearing (NH) Veterans; older hearing-impaired (HI) Veter-

ans; young NH Veterans with no blast exposure; and young NH 

non-Veterans, respectively (dark gray bars). *Myers, Paula 

(James A. Haley Veterans’ Hospital, Tampa, FL). Email to: Gabri-

elle H. Saunders (National Center for Rehabilitative Auditory 

Research, Department of Veterans Affairs Portland Health Care 

System, Portland, OR; and Department of Otolaryngology, Ore-

gon Health and Science University, Portland, OR). 2010 Oct 5.
percentage of individuals giving responses of “not at 

all true,” “slightly true,” “mostly true,” and “very true” for 

each FHQ item. Understanding speech in noise was the 
most common problem for participants, with over 75 per-
cent responding mostly or very true to the statement “I 
have a difficult time understanding what others are saying 
in background noise.” Other listening situations to which 
more than half the participants responded mostly or very 
true were difficulty following long conversations (56.6%), 
difficulty understanding fast speech (54.3%), and diffi-
culty on the telephone (53.5%). The least problematic 
situations for participants were difficulty understanding 
when looking at the person who is speaking (23.3% 
responded this was mostly or very true) and problems pay-
ing attention to speech (40.4% responded this was mostly 
or very true). Relative to the unpublished data of Myers 
(Figure 2, dark bars) collected between Fall 2008 and 
Spring 2009, the data from participants in this study (Figure 
2, light bar) are more similar to Myers’ groups of normal-
hearing, blast-exposed Veterans (mean age: 35.4 yr, range: 
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18–57 yr) and older hearing-impaired Veterans (mean age: 
74.1 yr, range: 70.6–77.6 yr) than they are to her groups of 
young normal-hearing individuals (mean age: 26.9 yr, 
range: 20–34 yr).

Table 4 shows the mean ± 1 SD obtained on the SSQ 
questionnaire for participants in the current study along 
with SSQ questionnaire data from other studies. A higher 
SSQ questionnaire score indicates fewer hearing difficul-
ties. Once again, these data illustrate that the SSQ question-

naire scores of participants in this study are more similar to 
the scores of older individuals with hearing loss in Gate-
house and Noble [27] than they are to either the young or 
older normal-hearing individuals in Bahn et al. [42].

Behavioral Measures
Table 5 shows the mean ± 1 SD of performance on 

each behavioral test. Also shown are values on each mea-
sure obtained from 

SSQ
Questionnaire

Current Study
(n = 99)

Bahn et al., 2012 [42]
(n = 48)*

Bahn et al., 2012 [42]
(n = 48)†

Gatehouse and Noble, 2004 [27]
(n = 153)‡

Speech 5.3 ± 1.7 8.5 ± 0.7 7.3 ± 1.5 4.4 ± 2.4
Spatial 6.8 ± 1.9 8.6 ± 0.7 7.5 ± 1.6 5.2 ± 2.6
Qualities 6.3 ± 1.4 9.4 ± 0.6 8.3 ± 1.1 6.5 ± 2.7
Overall 6.1 ± 1.5 8.8 ± 0.6 7.7 ± 1.2 5.4 ± 2.6

other sources. 

Variable Current Study Normative Data
Participants 

Performing 1 SD 
Below Mean (%)

Hearing in Noise Test/Speech Reception in Noise Test 7.0 ± 3.1 (12.8 to 2.2) 9.0 ± 1.3 59.2
North American Listening in Spatialized Noise-Sentence 

Test
   Talker Advantage 7.6 ± 2.8 (4.6 to 12.6) 9.1 ± 2.9* 16.3
   Spatial Advantage 9.9 ± 3.2 (4.0 to 15.1) 12.1 ± 1.7* 49.0
Adaptive Tests of Temporal Resolution
   Within-Channel Gap 8.8 ± 17.2 (1.0–162.5) 3.2 ± 0.9† 57.6
   Across-Channel Gap 63.1 ± 43.2 (14.3–245.5) 42.6 ± 20.8† 34.3
Time Compressed Speech Test (60% compression) 84.2 ± 12.7 (32–100) 72.9 ± 16.8‡ 3.0
Staggered Spondaic Word Test (total errors) 8.4 ± 12.7 (0–70) 2.0 ± 1.9¶ 33.7
Digit Span Test (scaled score) 8.7 ± 2.6 (4–17) 10.0 ± 3.0§ 19.2
Woodcock Johnson Tests of Achievement-III

(standard score)
97.1 ± 11.8 (63–129) 100 ± 15** 12.4

Stroop Color and Word Test (t-score) 51.9 ± 8.2 (24.7–73.4) 50.0 ± 10.0†† 5.0

Where possible, these 

Table 4.
Speech, Spatial, and Qualities (SSQ) questionnaire scores (mean ± standard deviation). Higher SSQ score indicates fewer hearing difficulties.

*Younger participants with normal hearing (age: 18.6 ± 1.0 yr) with thresholds from 0.25 to 3.0 kHz 25 dB HL.
†Older participants with normal hearing (age: 70.9 ± 4.1 yr) with thresholds from 0.25 to 3.0 kHz  25 dB HL.
‡Older participants with hearing loss (age: 71.0 ± 8.1 yr): better ear 4F-PTA = 38.3 ± 15.5 dB HL and worse ear 4F-PTA = 52.7 ± 24.4 dB HL.
4F-PTA = four-frequency pure tone average, HL = hearing level.

Table 5.
Mean ± standard deviation (SD) and range of performance scores on behavioral measures along with normative data and percentage of 
individuals with performance 1 SD below mean.

*Data from Brown et al. [43] with raw data extracted from combined published data and provided for this table.
†Data from Lister et al. [31].
‡Data from Vaughan et al. [34].
¶Data from Katz [36].
§Data from Wechsler Adult Intelligence Scale-3rd edition administration and scoring manual [37].
**Data from Mather and Woodcock [38].
††Data from Golden and Freshwater [39].



352

JRRD, Volume 52, Number 3, 2015
sources are for an age-equivalent normal-hearing popula-
tion or from age-equivalent published normative data. 
Finally, for each behavioral measure, the percentage of 
individuals in the present study who performed 1 SD 
below the mean of the values is shown. Note that, based 
on the properties of a normal distribution, 15.9 percent of 
individuals would be expected to perform 1 SD below 
the mean on any particular measure. The data from each 
test measure are discussed separately next.

Hearing in Noise Test
As recommended in the HINT manual [44], sound 

field norms using the same setup and test procedure were 
collected and used in comparison with the current data 
set. The mean speech SRTN of 7.0 dB obtained here is 
poorer than the mean SRTN of 9.0 dB obtained from 26 
young normal-hearing listeners in the sound field. Apply-
ing the published HINT SD of 1.3 dB, we saw that almost 
60 percent of participants here performed 1 SD poorer 
than normal hearing listeners, indicating a measureable 
performance deficit for understanding of speech in noise 
in the majority of individuals in this sample.

North American Listening in Spatialized Noise-Sentence 
Test

Mean NA LiSN-S talker and spatial advantages 
observed here were poorer than for the 53 younger nor-
mal-hearing listeners (age range: 19–30 yr) reported else-
where [43]. Specifically, compared with Brown et al., 
performance for 49 and 16 percent of the participants was 
1 SD below the mean for spatial and talker advantage, 
respectively [43]. Spatial advantage requires use of binau-
ral processing while talker advantage requires use of cues 
such as pitch to distinguish the signal and masker [45]. 
The data thus indicate that as a group, the blast-exposed 
Veterans in this study have a deficit in binaural processing 
abilities but do not have a deficit in their use of pitch cues.

Adaptive Tests of Temporal Resolution
The group mean WC and AC gaps of participants in 

this study were considerably greater (poorer perfor-
mance) than those of 30 normal-hearing males (mean 
age: 25.2 yr, range: 20–37 yr) reported by Lister et al. 
[46]. Indeed, relative to the participants of Lister et al., 
57.6 and 34.3 percent of participants demonstrated 
poorer performance by 1 SD on the WC and AC gap 
conditions, respectively. Research suggests that gap 
detection is associated with central rather than peripheral 

processing [47–49]. This is consistent with the presence 
of central temporal processing deficits among the group.

Time Compressed Speech Test
Mean performance on the TCST for 50 percent time-

compressed sentences was near ceiling (90.9% ± 11.0%); 
therefore, only data for 60 percent time-compressed sen-
tences were examined further. On average, participants 
obtained a higher score than those of Vaughan et al. [34], 
with just 3 percent performing 1 SD below the mean. 
Older age may be a contributing factor to this finding, 
because the participants of Vaughan et al. ranged from 50 
to 75 yr old. Although audibility was controlled for in 
Vaughan et al., many of their participants had mild to 
moderate sensorineural hearing loss, which could have 
affected speech clarity. The lack of available published 
data is unfortunate and makes it difficult to draw further 
conclusions from this test measure. It is worth noting, 
however, that scores of participants in this study were 
highly variable, ranging from 32 to 100 percent.

Staggered Spondaic Word Test
The mean total number of errors on the SSW was 

considerably higher than the age-appropriate average (8.4 
vs 2.0) [36]. However, it has been suggested by Katz that 
a value of 6 should be used as a cut-off for normal perfor-
mance for individuals aged 12 to 59 yr [36]. When apply-
ing this definition, 33.7 percent of study participants had 
abnormally poor SSW performance. Further, the range of 
scores was considerable, from 0 to 70 errors. Examination 
of the LC, LNC, RC, and RNC errors shows no particular 
pattern of deficit. Specifically, 7.1 and 9.1 percent of the 
study population had performances outside of normal lim-
its for RNC and RC conditions, respectively, while the 
numbers for LNC and LC were 10.1 and 9.1 percent, 
respectively. Closer examination of the data showed that 
of the 14 participants who performed outside normal lim-
its on one or more conditions, 4 had abnormal perfor-
mance on all four conditions, 1 on three conditions (RNC, 
RC, and LNC), 7 on varying combinations of two condi-
tions, and 2 on one condition (LC). Among the seven with 
abnormal performance on two conditions, all but one 
combination (RNC and LC) of abnormal performance 
was represented. Given this, we concluded that no pattern 
of errors exists and that the SSW results indicate that the 
study population is showing a generalized deficit in 
speech segregation and competing speech ability.
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Digit Span Test
Mean DS scaled scores were below that of normative 

data, with 19 percent of participants having a score 1 SD 
below the mean. It is important to also examine DS-
Forward and DS-Backward scores individually because 
they are thought to measure different skills—with DS-
Forward primarily assessing short-term auditory memory 
and DS-Backward assessing the ability to manipulate ver-
bal information while in temporary storage, a higher-level 
task [50]. Table 6 shows DS-Forward and DS-Backward 
scores along with those scores obtained from a group of 
1,250 individuals (age range: 16–89 yr) and from a group 
of 22 individuals with TBI [51]. We saw that the perfor-
mance of individuals in this study is similar to that of the 
normative sample of Wilde et al. Wilde et al. went on to 
determine that only 5 percent of their normative popula-
tion had a difference in score between DS-Forward and 
DS-Backward that was 6, but that 23 percent of individ-
uals with TBI had a DS-Forward and DS-Backward dif-
ference score of 6. The proportion of individuals in this 
study with a DS-Forward and DS-Backward difference 
score of 6 was just 7.1 percent, very similar to the 
normative group of Wilde et al. Together, these data indi-
cate that as a group, the blast-exposed Veterans in the 
study do not have working memory deficits as assessed 
using the DS.

Woodcock Johnson Story Recall
Participants had average performance on the Wood-

cock Johnson Story Recall, with just 12 percent obtaining 
a standard score that was 1 SD below the mean, sug-
gesting that working memory for spoken language is not 
a particular problem for the study participants.

Stroop Color and Word Test
Performance on the Stroop Color and Word Test was 

average for age-appropriate norms, with only 5 percent of 
participants here obtaining a t-score 1 SD below the 

mean, suggesting that inability to ignore irrelevant stimuli 
is not a particular problem among the study participants.

In summary, based on the properties of a normal dis-
tribution, 15.9 percent of individuals would be expected 
to perform 1 SD below the mean. The behavioral mea-
sures on which considerably more than 15.9 percent of 
participants performed 1 SD below the mean were the 
HINT, NA LiSN-S Spatial advantage, ATTR (AC and 
WC conditions), and SSW.

Performance Across Test Measures
Figure 3 shows a histogram of the total number of 

behavioral measures on which each individual performed 
1 SD below the mean (range: 0–10). The majority of 
participants (52.5%) performed 1 SD below the mean 
on between three and five measures and 37.3 percent per-
formed 1 SD below the mean on fewer than three mea-
sures. Just 10 percent performed 1 SD below the mean 
on more than five measures and 0 percent performed 1 
SD below the mean on all 10 measures.

Relationships Between Reported Functional
Difficulties and Measured Performance

Pearson correlations were conducted to examine 
whether reported functional difficulties as measured by 
the FHQ were associated with particular performance 
deficits on the behavioral measures. To adjust for multi-
ple testing, only correlations with a p-value of <0.005 
were considered significant. Performance on the HINT, 
NA LiSN-S, ATTR, and Stroop Color and Word Test 
were not associated with any FHQ item. Likewise, items 
from the FHQ regarding difficulty understanding speech 
in background noise and problems understanding in 
rooms with an echo were not associated with scores on 
any behavioral measure. However, there were a number 
of moderate, but statistically significant, correlations 
between FHQ items and performance (Table 7). In each 
instance, the association

Digit Span Test
Current Study

(n = 99)

Wilde et al., 2004 [51]

Normative Sample
(n = 1,250)

Individuals with TBI
(n = 22)

Forward 8.79 ± 2.09 9.92 ± 2.32 9.82 ± 1.94
Backward 6.31 ± 2.17 6.43 ± 2.34 5.68 ± 1.81
Difference 2.47 3.49 4.14

 was such that more reported 

Table 6.
Digit Span Test scores (mean ± standard deviation).

TBI = traumatic brain injury.
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functional difficulties were associated with poorer perfor-
mance on the behavioral test, and what is more, each 
association makes logical sense. For example, the DS 
scaled score, which is a 

Figure 3.
Histogram showing number of test measures on which partici-

pants performed 1 standard deviation below mean.

measure of working memory, 
was significantly associated with problems following a 
series of spoken instructions and problems following 
long conversations—both of which require the ability to 
store and recall information. Likewise, the TCST 60 per-
cent compression, a measure of speeded speech, was sig-
nificantly correlated with difficulty understanding fast 
speech and needing more time than others to process spo-
ken speech—problems that would arise if an individual’s 
speed of processing was slower than normal. Finally, the 
WJ-III standard score, a measure of story recall, was 
associated with problems following a series of spoken 
instructions, which, like story recall, requires the ability 
to keep track of and recall spoken content.

In summary, results show that the sample of 99 nor-
mal-hearing, blast-exposed Veterans who reported prob-
lems hearing in difficult listening environments 
displayed performance deficits on a variety of behavioral 
measures and that these deficits were meaningfully asso-
ciated with their reported problems.

DISCUSSION AND CONCLUSIONS

The objective of this article was to present data char-
acterizing a group of blast-exposed OIF/OEF/OND Vet-
erans, all of whom had clinically normal hearing 
sensitivity and yet reported hearing problems in difficult 
listening situations, and examine relationships between 
their reported difficulties and measured hearing perfor-
mance. To this end, data collected from 99 blast-exposed 
Veterans with hearing difficulties but clinically normal 
hearing sensitivity were examined as part of a larger RCT 
in which auditory rehabilitative interventions were com-
pared. As seen in Tables 3 and 4, participants perceived 
considerable hearing difficulty, such that their FHQ and 
SSQ questionnaire scores were more like those of older 
individuals with hearing impairment*[27], than they were 
to individuals of equivalent age and normal hearing sen-
sitivity [9,42]. A similar finding was reported in a popu-
lation of OIF Veterans with blast-related TBI, among 
whom 11 percent reported hearing difficulties yet had 
clinically normal hearing [12] and in a survey of VA 
audiologists that found that 92 percent of audiologists 
encountered at least one OIF/OEF Veteran a month who 
had difficulties hearing and yet had normal or almost nor-
mal pure tone sensitivity, with 53 percent of audiologists 
encountering between one and three per month and 
39 percent encountering four or more per month [14].

Participants in this study also showed measureable 
performance deficits on the HINT, NA LiSN-S Spatial 
advantage, ATTR, and SSW—measures of speech under-
standing in noise, binaural processing, temporal resolu-
tion, and speech segregation, respectively. As described 
in detail previously, Gallun et al. reported similar find-
ings, albeit for the most part using a different set of test 
measures [18]. Specifically, they determined that among 
their sample of 36 blast-exposed Veterans, a third or more 
performed below normal on measures of speech in noise 
(QuickSIN), auditory temporal resolution (Gaps-In-
Noise Test), binaural processing (masking level differ-
ence), and speech segregation and competing speech 
(SSW). Also, similar to the findings of Gallun et al., the 
performance of the participants in the current study was 

*Myers, Paula (James A. Haley Veterans’ Hospital, Tampa, FL). 
Email to: Gabrielle H. Saunders (National Center for Rehabilitative 
Auditory Research, VA Portland Health Care System, Portland, OR; 
and Department of Otolaryngology, Oregon Health and Science Uni-
versity, Portland, OR). 2009 Nov 17.
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FHQ Item Performance Variable r-Value
Difficulty understanding on telephone. TCST (60% compression) –0.306
Difficulty understanding fast speech. TCST (60% compression) –0.284
Problems following series of spoken instructions. DS (scaled score) –0.310
Problems following series of spoken instructions. WJ-III (standard score) –0.379
Problems following long conversations. DS (scaled score) –0.280
Need more time than others to process spoken information. TCST (60% compression) –0.303
Need more time than others to process spoken information. SSW (total errors) 0.311
Problems paying attention to speech. TCST (60% compression) –0.291
Problems understanding when looking at person who is speaking. TCST (60% compression) –0.415
Problems understanding when looking at person who is speaking. SSW (total errors) 0.395

not universally poor. The majority of individuals per-
formed at normal levels on the DS (auditory working 
memory), TCST (rapid speech understanding), Stroop 
Color and Word Test (attention and cognitive interfer-
ence), and Woodcock Johnson Story Recall (memory for 
narrative).

The finding that performance is poor on some but not 
all measures suggests that participants exhibit task-
specific deficits rather than a global functional deficit. It 
has, however, been noted in both civilian and Veteran 
populations that poor effort and symptom exaggeration 
are common following TBI [52–53] and that poor effort 
can account for more than 50 percent of the variance on 
cognitive performance [54]. Indeed, it has been sug-
gested that Veterans who sustained TBI that report post-
concussive symptoms differ from those who do not 
report postconcussive symptoms on, among other things, 
degree of possible symptom exaggeration, poor effort, 
depression, and traumatic stress, while postconcussive 
disorder rarely occurred in the absence of these symp-
toms [55]. While not assessed formally, our data showing 
that more than one-third of individuals performed within 
1 SD of the mean on 8 of the 10 measures and that over 
50 percent performed within 1 SD of the mean on 
between 5 and 7 of the 10 measures suggests low effort is 
not a likely explanation for the performance deficits seen 
among the study participants.

It is important to note that the significant correlations 
between difficulties reported on the FHQ and perfor-
mance on the behavioral measures have face validity. 
That is, the association between one’s score on the Wood-
cock Johnson Story Recall and reported problems follow-
ing a series of spoken instructions is understandable, as 

are the associations between working memory (DS) and 
problems following long conversations, between perfor-
mance on the TCST and needing more time than others to 
process spoken information, and between performance 
on the SSW and problems understanding when looking at 
the person who is speaking.

STUDY LIMITATIONS

This study has at least four limitations worthy of men-
tion. First, there was no control group against which to 
compare reported and performance data, i.e., there were 
no data collected from a group of Veterans without blast 
exposure. This is because the primary study was an RCT 
comparing interventions for auditory difficulties associ-
ated with blast-exposure (results to be published 
elsewhere). Instead, the data here are compared with per-
formance reported by others in peer-reviewed publications 
that examined populations of different ages, hearing lev-
els, and demographics. While this is a weakness, it is reas-
suring to know that the findings here are very similar to 
those of Gallun et al., who examined a similar blast-
exposed Veteran population [18]. Second, there were no 
performance or behavioral assessments conducted prior to 
blast-exposure; thus, it is not possible to know whether the 
performance deficits measured here were present before 
military service. We are fairly confident that a preexisting 
deficit does not explain the findings for two reasons: par-
ticipants were not eligible to participate in the study if 
they reported having had reading and/or learning difficul-
ties in school and participants were asked about hearing, 
tinnitus, and memory problems pre- and postdeployment. 

Table 7.
Significant Pearson correlations at p < 0.005 after Bonferroni correction for multiple analyses between scores on Functional Hearing 
Questionnaire (FHQ) and performance measures.

DS = Digit Span Test, SSW = Staggered Spondaic Word test, TCST = Time Compressed Speech Test, WJ-III = Woodcock Johnson Tests of Achievement-III.
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We saw that while 79 percent reported hearing loss, 
92 percent reported problems hearing in noise, 83 percent 
reported tinnitus, and 77 percent reported memory prob-
lems at the time of study participation, only 6, 15,14, and 
7 percent, respectively, reported such problems prior to 
deployment. Third, study inclusion relied on self-reported 
blast exposure and could not be verified. Similarly, head 
injury at time of the blast was also by self-report, and 
while the presence or absence of a TBI diagnosis was 
extracted from electronic chart records, this too relied on 
self-report for that diagnosis. For this reason, the relation-
ships between number and/or severity of blasts and the 
study measures were not examined. Fourth, there was no 
formal PTSD assessment completed using a validated 
measure. Indeed, symptoms of PTSD were present in that 
71 percent of participants reported irritability, 87 percent 
reported sleep problems, and 77 percent reported memory 
problems postdeployment, in contrast to 7, 5, and 7 per-
cent, respectively, prior to deployment. Further, 59 per-
cent of participants had a formal diagnosis of PTSD in 
their electronic medical record, with 19 percent having a 
formal diagnosis of TBI. Nonetheless, the presence of 
PTSD does not rule out concomitant auditory processing 
difficulties among the participants.

In sum, the data presented here from 99 blast-
exposed Veterans with normal hearing sensitivity provide 
evidence that blast injury likely results in damage to the 
central auditory system. Authors of previous modeling, 
imaging, and behavioral studies have drawn similar con-
clusions [18,56–57]. Work to further understand this 
complex issue, including the development and assess-
ment of rehabilitative intervention options, is necessary. 
To that end, the findings of an RCT comparing three 
interventions with standard of care will be described in a 
future publication.
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