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Objectives: The purpose of this study was to develop the Word Auditory
Recognition and Recall Measure (WARRM) and to conduct the inaugural
evaluation of the performance of younger adults with normal hearing,
older adults with normal to near-normal hearing, and older adults with
pure-tone hearing loss on the WARRM.

Design: The WARRM is a new test designed for concurrently assessing
word recognition and auditory working memory performance in adults
who may have pure-tone hearing loss. The test consists of 100 mono-
syllabic words based on widely used speech-recognition test materials.
The 100 words are presented in recall set sizes of 2, 3, 4, 5, and 6 items,
with 5 trials in each set size. The WARRM yields a word-recognition score
and a recall score. The WARRM was administered to all participants in
three listener groups under two processing conditions in a mixed model
(between-subjects, repeated measures) design. The between-subjects fac-
tor was group, with 48 younger listeners with normal audiometric thresh-
olds (younger listeners with normal hearing [YNH]), 48 older listeners with
normal thresholds through 3000 Hz (older listeners with normal hearing
[ONH]), and 48 older listeners with sensorineural hearing loss (older lis-
teners with hearing loss [OHL]). The within-subjects factor was WARRM
processing condition (no additional task or with an alphabet judgment
task). The associations between results on the WARRM test and results
on a battery of other auditory and memory measures were examined.

Results: Word-recognition performance on the WARRM was not
affected by processing condition or set size and was near ceiling for the
YNH and ONH listeners (99 and 98%, respectively) with both groups
performing significantly better than the OHL listeners (83%). The recall
results were significantly better for the YNH, ONH, and OHL groups with
no processing (93, 84, and 75%, respectively) than with the alphabet
processing (86, 77, and 70%). In both processing conditions, recall was
best for YNH, followed by ONH, and worst for OHL listeners. WARRM
recall scores were significantly correlated with other memory measures.
In addition, WARRM recall scores were correlated with results on the
Words-In-Noise (WIN) test for the OHL listeners in the no processing
condition and for ONH listeners in the alphabet processing condition.
Differences in the WIN and recall scores of these groups are consistent
with the interpretation that the OHL listeners found listening to be suf-
ficiently demanding to affect recall even in the no processing condition,
whereas the ONH group listeners did not find it so demanding until the
additional alphabet processing task was added.

Conclusions: These findings demonstrate the feasibility of incorporating
an auditory memory test into a word-recognition test to obtain measures
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of both word recognition and working memory simultaneously. The cor-
relation of WARRM recall with scores from other memory measures is
evidence of construct validity. The observation of correlations between the
WIN thresholds with each of the older groups and recall scores in certain
processing conditions suggests that recall depends on listeners’ word-
recognition abilities in noise in combination with the processing demands
of the task. The recall score provides additional information beyond the
pure-tone audiogram and word-recognition scores that may help rehabilita-
tive audiologists assess the listening abilities of patients with hearing loss.

Key words: Aging, Audiologic rehabilitation, Hearing loss, Speech
understanding, Working memory.

(Ear & Hearing 2016;37;e360-e376)

INTRODUCTION

The comprehension of spoken language involves cognitive
abilities, including working memory, processing speed, atten-
tion, executive function, and compensatory use of semantic con-
text and linguistic knowledge (e.g., Wingfield & Stine-Morrow
2000; Schneider et al. 2002; Ronnberg 2003; Pichora-Fuller
& Singh 2006; Ronnberg et al. 2008; Ronnberg et al. 2013;
Souza & Arehart 2015). Although various cognitive abilities are
involved in speech understanding, much of the research in this
area has focused on working memory (for reviews see Akeroyd
2008; Pichora-Fuller 2013).

Working memory refers to the system involved in both the
temporary storage of information and the use of that information
to perform cognitive tasks (Baddeley & Hitch 1974; Daneman
& Carpenter 1980; Shah & Miyake 1999). Working memory is
capacity limited, meaning that there is a finite amount of work-
ing memory resources available for an individual to process and
store information related to a current cognitive task, such as
speech comprehension (e.g., Just & Carpenter 1992). Working
memory is important for speech understanding in everyday con-
versations because listeners must interpret the meaning of run-
ning speech as it unfolds by relating it to knowledge stored in
long-term memory as well as to the information that was heard
previously and that will be heard next (Daneman & Carpenter
1980, 1983; Pichora-Fuller et al. 1995). The amount of work-
ing memory capacity available for speech understanding varies
across individuals (interindividual differences). In addition, the
amount of working memory capacity allocated to processing
speech, as opposed to storing speech in memory, varies under
different listening conditions within an individual (intraindivid-
ual differences; Pichora-Fuller 2007).

Interindividual Differences in Working Memory
Individual differences in working memory capacity may be
important in explaining functional differences between listeners.
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For example, comparing two individuals with good pure-tone
thresholds who are comprehending speech heard in quiet, the
individual who has a larger working memory capacity will use
a smaller proportion of that capacity to process (i.e., encode)
the speech signal compared with an individual who has a lower
working memory capacity. After the incoming signal has been
processed by two such listeners, the listener with higher work-
ing memory capacity will have relatively more “spare” work-
ing memory capacity available to allocate to remembering and
comprehending what has been heard (see Pichora-Fuller 2007
for review; also see Rudner et al. 2011b; Ronnberg et al. 2014).
Older listeners, even those with normal pure-tone thresholds,
may need to allocate more working memory resources to under-
standing speech than would be needed by younger adults with
normal hearing because age-related declines in suprathreshold
auditory processing abilities may make it more difficult for them
to encode the incoming information (Pichora-Fuller et al. 1995).
For individuals with pure-tone hearing loss or suprathreshold
auditory processing deficits, listening may consume even more
working memory resources for processing speech than would
be consumed by counterparts with better audiograms or nor-
mal auditory processing, even in relatively favorable listening
conditions. Consequently, even assuming that there are no inter-
individual differences in total working memory capacity, indi-
viduals with auditory deficits who need more working memory
resources to process speech may have poorer memories for what
they heard compared with those with better hearing.

Studies examining interindividual differences in working
memory report correlations that show a trend for those with
higher working memory to have better speech-recognition per-
formance in more adverse listening conditions (unaided and
aided) relative to those with lower working memory (e.g., Ake-
royd 2008; Besser et al. 2013; Souza & Arehart 2015). Impor-
tantly, when amplification has been used to overcome the effects
of signal inaudibility, then cognitive factors have explained as
much and sometimes even more of the variance in speech rec-
ognition in noise by older adults than could be explained by
pure-tone thresholds alone (e.g., Ronnberg et al. 2008, 2010;
Besser et al. 2013; Humes et al. 2013). Thus, the cognitive abili-
ties of older adults seem relevant to audiologic rehabilitation,
especially because listening to and comprehending speech in
many challenging everyday situations can be a complex task
that requires more cognitive processing than would be required
in relatively simple speech recognition tasks (Kiessling et al.
2003; Pichora-Fuller 2006a; Baldwin & Ash 2011). In the con-
text of rehabilitation, if audiologists were to measure an aspect
of the cognitive processing of speech, with an auditory working
memory test for speech for example, then that information may
be a useful supplement to the information provided by typical
speech-recognition scores.

Intraindividual Differences in Working Memory

In addition to interindividual differences in working memory
capacity, it may be of interest to know about intraindividual dif-
ferences in how working memory resources are allocated across
various listening conditions and tasks within an individual.
Intraindividual differences in working memory for speech can
be thought of as the resource allocation between storage and
encoding/processing within one individual’s given capacity
under different listening conditions. In other words, there is a

trade-off between the resources allocated for encoding/process-
ing and storage that varies with the demands of the listening
condition for a given individual (Pichora-Fuller 2007).

Notably, hearing loss, background noise, or any algorithm
that distorts the speech waveform may exacerbate the process-
ing demands required during listening (where listening refers
to hearing with intention and attention [Kiessling et al. 2003]).
Because working memory capacity is limited, as processing
demands increase and more working memory resources are
allocated to listening, there will be a reduction in the resources
that remain available for comprehension or other cognitive pro-
cessing of the information that has been heard, and there also
will be a reduction in how much of the information that has
been heard becomes stored in memory (Rabbitt 1991; Gordon-
Salant & Fitzgibbons 1997; Pichora-Fuller 2003; Pichora-
Fuller & Singh 2006; Wingfield et al. 2006; Wingfield & Tun
2007). Indeed, research suggests that there can be detrimental
effects on recall (i.e., storage) when the quality of the signal is
reduced in some manner, including by reducing the presentation
level of auditorily presented speech materials (e.g., Baldwin &
Ash 2011; Amichetti et al. 2013), by adding noise (e.g., Rab-
bitt 1968), or by altering the rate of speech (e.g., Piquado et al.
2012).

Pichora-Fuller (2006a) argued that clinicians might find
working memory span measures to be useful for assessing
interindividual differences to identify individuals who may be
candidates for certain rehabilitative interventions, for example,
working memory may be relevant to the choice of slow versus
fast hearing aid compression (Gatehouse et al. 2006a, b; Lun-
ner & Sundewall-Thorén 2007; Souza & Sirow 2014). She also
argued that measuring intraindividual differences in working
memory capacity may be clinically useful to determine if inter-
ventions have had a positive effect on working memory. For
example, if amplification purportedly makes the encoding and
processing auditory signals easier relative to the unaided con-
dition for a given individual, then there should be more work-
ing memory resources available for storage for the individual
wearing amplification, with an increase in working memory
span scores being a positive hearing-aid outcome (e.g., Doherty
& Desjardins 2015). Moreover, intraindividual differences in
working memory span scores may be useful in evaluating the
outcomes of rehabilitative audiology because span measures
may be more sensitive to change than traditional word-rec-
ognition measures, especially when word recognition is at or
near ceiling (e.g., Pichora-Fuller 2003; Pichora-Fuller 2006a,
b; Pichora-Fuller & Singh 2006). A prerequisite to measuring
condition-specific intraindividual differences and/or outcomes
of audiologic rehabilitation is to develop a clinically feasible
test of auditory working memory.

Working Memory Measures

Various working memory measures have been used in stud-
ies that have examined the role of working memory in speech
understanding, including but not limited to the following:
(1) the auditory working memory subtest from the Woodcock
Johnson cognitive test battery (Woodcock et al. 2001), (2) a
Simon-Says measure (Humes & Floyd 2005), (3) digit span for-
ward (DSF) and backward from the Wechsler Adult Intelligence
Scale (Wechsler 1981, 1987, 1997), (4) reading span (e.g., Dane-
man & Carpenter 1980; Ronnberg et al. 1989), and (5) listening
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span (Pichora-Fuller et al. 1995), which is an auditory counter-
part of the reading span measure that uses Revised Speech in
Noise sentences as target stimuli (Bilger 1984). These measures
vary in the stimuli used (i.e., speech versus nonspeech), the pre-
sentation modality (i.e., visual versus auditory), the processing
task employed, and test administration time. Of all the working
memory measures, perhaps the most commonly used working
memory measure in audiology research has been the reading
span measure (e.g., Lunner 2003; Foo et al. 2007; Rudner et al.
2007; Arehart et al. 2013; Besser et al. 2013; Ng et al. 2013). In
fact, a recent review by Besser et al. summarized 21 studies that
examined the role of verbal working memory in speech recogni-
tion in noise, 16 studies of which used reading span.

One of the most common and oldest versions of the reading
span test involves the visual presentation of 100 sentences in
set sizes of 2, 3, 4, 5, and 6 sentences with 5 trials in each set
size (Daneman & Carpenter 1980). The sentences are presented
visually one at a time and the task of the subject is to process
each sentence by reading it aloud and/or making a judgment
about it such as whether it is semantically possible or not (e.g.,
“The ocean shone brightly over the clear, blue sun.”). At the end
of each trial, a recall prompt appears and the individual then
recalls verbally the final word in each of the sentences in the
trial. The premise of the test is that as the amount of working
memory allocated to processing the semantic appropriateness
of the sentence increases there will be a corresponding decrease
in the number of words that can be successfully stored and
recalled. Across studies using various working memory mea-
sures, the reading span measure has been the most successful
in correlating with language comprehension measures (Dane-
man & Merikle 1996) and also with various speech recognition
measures (Akeroyd 2008; Besser et al. 2013). The reading span
measure also has been the measure of choice when the focus has
been on interindividual differences in working memory in rela-
tion to speech understanding (for reviews see Akeroyd 2008 and
Besser et al. 2013), but it would not be able to provide informa-
tion about intraindividual differences in working memory for
speech under different listening conditions given that it is pre-
sented in the visual modality.

Modality of Working Memory Testing

The selection of visual or auditory materials for tests of
working memory seems to have been guided by two different
theoretical views. According to one view, working memory is
characterized by a single-component, general-purpose working
memory capacity system that is common to and shared by all
cognitive tasks (e.g., Broadbent 1958; Daneman & Carpenter
1980; Engle et al. 1992, 1999). This theoretical view supports
the use of visually presented stimuli (e.g., text). In many audi-
tory studies, working memory tests were presented in the visual
modality, presumably to avoid “contamination” by the effects of
hearing loss (e.g., Souza 2012; Besser et al. 2013).

An alternative theoretical view is that working memory is a
multicomponent system that is differentially accessed depend-
ing upon the cognitive task being accomplished, or in other
words, that there are domain-specific working memory systems
(Baddeley & Logie 1999; Cocchini et al. 2002; Baldwin & Ash
2011). A variation on this view is that the allocation of working
memory resources may be modality dependent, as well as being
task dependent. Recent debates have questioned the desirability

of testing working memory in the visual modality to isolate
modality-general abilities rather than testing working memory
directly in the auditory modality when auditory functioning is
of clinical interest (see Dillon et al. 2014; McFarland & Cacace
2014; Moore & Ferguson 2014 for discussion). Accordingly, it
would be more meaningful to use speech stimuli presented in
the auditory modality to measure working memory when exam-
ining the role of working memory in spoken speech understand-
ing. In some studies, various working memory tests have been
presented in the auditory modality, presumably because the
authors assumed that there could be modality-specific factors
and/or they were interested in examining the perceptual pro-
cessing/storage trade-off for speech (i.e., intraindividual differ-
ences) in ecologically relevant conditions that matched those in
which speech understanding performance was being measured
(Besser et al. 2013). By understanding the interplay of auditory
and cognitive processing within an individual across a range of
listening and task conditions, the audiologist would gain useful
insights into how these factors combine to influence everyday
communication functioning (e.g., Baldwin & Ash 2011; Besser
etal. 2013).

In summary, the audiology research to date has focused on
interindividual differences in working memory capacity, and the
reading span measure has been the most popular measure used to
quantify working memory capacity. Although the reading span
measure provides information about interindividual differences,
the test may not be appropriate for assessing how the alloca-
tion of working memory resources depends on hearing abilities
and/or test conditions of functional or ecological relevance that
may influence intraindividual variations in performance. The
reading span test presented in the visual modality is not as well
suited to measuring the outcomes of hearing-related interven-
tions as an auditory working memory span test might be insofar
as an auditory test should be more sensitive to improvements in
auditory processing that could reduce the allocation of working
memory resources during listening and leave more spare capac-
ity available for further processing such as comprehension and
memory of what was heard. Although auditory working mem-
ory measures exist (e.g., Woodcock-Johnson, listening span by
Pichora-Fuller et al. 1995, etc.), they are not well suitable for
use in audiology clinical settings to test listeners with hearing
loss because they are limited in terms of the type of stimuli used
or because of the lengthy time needed for test administration.

Measuring Working Memory in Audiology

Measures of working memory have been developed and
standardized for use in the general population (e.g., digit span,
Woodcock-Johnson), and some tests have been developed for
use in laboratory settings (e.g., Pichora-Fuller et al. 1995),
or in other languages for use in listeners with hearing loss
(e.g., Auditory Inference Span test by Ronnberg et al. 2011;
Sentence-final Word Identification and Recall test by Ng et al.
2013); however, the existing measures have not been developed
specifically to assess auditory working memory for speech in
an audiology clinical setting. To fill this gap, we developed an
auditory working memory test, the Word Auditory Recogni-
tion and Recall Measure (WARRM). The WARRM employs
the basic working memory span test paradigm combined
with a word-recognition test procedure. The test stimuli are
well-known materials that control for parameters that may
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influence word recognition (e.g., talker differences, lexical
variables, etc.). The materials are recorded on compact disc
(CD) to allow easy administration at calibrated presentation
levels chosen to ensure the audibility of the test materials. The
WARRM can yield a word-recognition score and a working
memory recall score. Thus, in one test, the two scores will
inform the rehabilitative audiologist about general word-rec-
ognition abilities in addition how much cognitive processing
was involved regarding those words as reflected by the recall
score. Furthermore, the item-by-item recall score takes into
account the word that was recognized. Here, we describe the
development of the WARRM test and provide a report of the
initial WARRM test results obtained from younger and older
adults with normal to near-normal audiograms and from older
adults with clinically significant sensorineural hearing loss.
This inaugural study sets the stage for further studies leading
to a standardized test suitable for use by rehabilitative audiolo-
gists in clinical settings.

MATERIALS AND METHODS

Participants

Three groups of listeners participated in the present study.
The groups included 48 younger listeners with normal hear-
ing (YNH) defined as pure-tone thresholds <20 dB HL for 250
to 8000 Hz (M = 22.8 years, SD = 2.7 years, range 18 to 38
years; 17 males, 31 females), 48 older listeners with normal
hearing (ONH) defined as pure-tone thresholds <25 dB HL at
250 to 3000 Hz (M = 66.9 years, SD = 5.1 years, range = 60 to
84 years; 8 males, 40 females), and 48 older listeners with sen-
sorineural hearing loss (older listeners with hearing loss [OHL];
M =70.3 years, SD = 5.8 years, range = 60 to 85 years; 46 males,
2 females). An analysis of variance (ANOVA) revealed a signifi-
cant difference in age (3.4 years) between the two older listener
groups, F(1, 95) = 9.1, p < .005. The highest level of educa-
tion reported (in years) on average by the participants was 16.1
(SD=2.1), 15.6 (SD = 2.8), and 14.4 (SD = 1.9) for the YNH,
ONH, and OHL listeners, respectively. An ANOVA revealed a
significant group difference, F(2, 143) = 6.8, p = .001, such
that the YNH and ONH had similar levels of education, but
both groups had more years of education than the OHL group.
The average audiograms for the three listener groups are illus-
trated in Figure 1. For each group at each frequency, the mean
between-ear threshold differences were all <2.3 dB with an
ANOVA confirming no significant ear by frequency interaction.
For these reasons, only the right ear thresholds are plotted in
Figure 1.

To be included in the study, participants had to have bet-
ter than 50% correct word-recognition performance in quiet
(Northwestern University Auditory Test No. 6 [NU-6; Tillman
& Carhart 1966; Department of Veterans Affairs 2006]) so that
floor effects with test stimuli would be avoided. All participants
had to pass the Mini-Mental State Exam (MMSE) cognitive
screening tool based on criterion provided by the established age
and education norms (Folstein et al. 1975; Crum et al. 1993).
None of the participants had a comorbid health condition (e.g.,
neurological condition, substance abuse, retrocochlear pathol-
ogy, etc.) that potentially could interfere with study participa-
tion. Identification of comorbid health conditions was based on
a chart review (for OHL listeners) and/or case history interview
(for YNH and ONH listeners).
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Fig. 1. The mean right-ear audiogram of the younger normal hearing listen-
ers (circles), older listeners with normal hearing (triangles), and older listen-
ers with hearing loss (squares) are illustrated. The error bars represent 1 SD.

Convenience sampling was used to recruit participants pro-
spectively from the local community via flyers, from our audi-
ology clinic, and from our participant recruitment registry. The
YNH listeners were recruited from East Tennessee State Uni-
versity and the area community; none were audiology students.
The ONH and OHL listeners were recruited from the local
area and from the Mountain Home, Tennessee Veterans Affairs
(VA) Medical Center Audiology clinic. Some participants were
recruited from our participant recruitment registry that contains
a list of individuals who are interested in being contacted for
research. All participants had an equal chance of participating if
they met the inclusion criteria.

Materials

In this study, audio recordings of speech stimuli were used
in the following behavioral measures: WARRM, a second ver-
sion of the Words-In-Noise test (Wilson 2003; Wilson et al.
2003), auditory digit span, and auditory free recall. The mate-
rials are from a 582-word corpus spoken by VA female speaker
#2 (Wilson et al. 2008) that included the NU-6, the CID W-22s
(Hirsh et al. 1952), the PB-50s (Egan 1948) word lists, and the
monosyllabic digits (see also the Supplemental Digital Con-
tent, http://links.lww.com/EANDH/A303). Using this corpus
ensured that there would not be test differences attributable to
a talker effect (e.g., Kreul et al. 1969). In addition, as described
below, we also administered a test of visual free recall, a vocab-
ulary test, and the Montreal Cognitive Assessment (MoCA;
Nasreddine et al. 2005).
Word Auditory Recognition and Recall Measure ¢ In many
ways, the WARRM test paradigm is an auditory counterpart
of the reading span measure (Daneman & Carpenter 1980).
The WARRM contains 100 monosyllabic words organized
in set sizes of 2, 3, 4, 5, and 6 words with 5 trials in each set
size. The WARRM stimuli, which are presented in quiet, con-
sist of a carrier phrase (“You will cite”) followed by a target
word. The selection of these 100 target words is detailed in the

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/EANDH/A303

e364 SMITH ET AL./ EAR & HEARING, VOL. 37, NO. 6, e360—376

CP w1 CcP w2 TONE

ARBITRARY AMPLITUDE

0 1 2 3 4 5 6 7 8 9 10
TIME (s)

Fig. 2. A waveform representing a trial for set size 2. Tone = 500-msec,
500-Hz prompt tone. CP, carrier phrase; W1, word 1; W2, word 2.

Supplemental Digital Content (http://links.lww.com/EANDH/
A303). The WARRM paradigm is illustrated in Figure 2 and
is described as follows: the carrier phrase is followed by a 250-
msec silent interval and then the target word with a 3000-msec
silent interval between the target word offset and the onset of
the next carrier phrase, and after the last target word in each
trial, there is a 3000-msec silent interval and then a 500-msec,
500-Hz tone that serves as a recall prompt. This low-frequency
alerting tone was used because of its relative immunity to pure-
tone hearing loss. During the 3000-msec interstimulus intervals
(ISIs), the participant repeated the target word (word-recogni-
tion task) and made a judgment about the word to engage cogni-
tive processing. The words in the recall set were spoken by the
participant after the recall prompt.

The processing task used in the WARRM (“alphabet” pro-
cessing task) required the participant to report if the first letter
of each target word belonged to the first half of the alphabet
(A-M) or to the second half of the alphabet (N-Z). Accordingly,
50 of the target words started with letters from the first half of
the alphabet and 50 target words started with letters from the
second half of the alphabet. In the even numbered set sizes (2, 4,
and 6), each trial contained an equal number of words beginning
with letters from each half of the alphabet. In the odd numbered
set sizes (3 and 5), there is an extra word from each half of the
alphabet in each trial, but overall there is an equal distribution
(also see Table 1 in Supplemental Digital Content (http://links.
Iww.com/EANDH/A277) for additional details about distribu-
tion of the words across trials). See Figures 1 and 2 in Supple-
mental Digital Content (http://links.lww.com/EANDH/A277)
for details about the alphabetic frequency of the words in the
test in reference to statistics for the written English language. In
the present study, an alternative administration of the WARRM
that did not include an additional processing task (referred to as
“none” or the “no processing condition”) was tested as a com-
parison condition.

The WARRM produces two scores. First, a word-recogni-
tion score is calculated in overall percent correct (across the
100 items) or as a function of set size. Second, a recall score
is calculated, either in percent correct (overall or as a function
of set size) or as a span score, which is a common way of scor-
ing working memory tests. Following Daneman and Carpenter

(1980), the span score corresponds to maximum set size for
which at least three of the five trials in the set size are recalled
correctly. If, for example, an individual correctly recalls 3 of
5 trials with set size 4, and less than 3 of 5 trials at higher set
sizes, then the span score would be 4. Partial credit, however,
is given for up to two correct trials in the next highest set size.
For example, if an individual correctly recalls 1 trial in the next
highest set size (e.g., set size 5 in this example), then partial
credit of 0.33 (1 of 3) is added to the span score, for a total 4.33.
If two trials are correctly recalled in the next highest set size (set
size 5 in this example), then partial credit of 0.67 is given (or 2
of 3) for a span score of 4.67. Thus, the base number indicates
the set size in which the individual “passes” (3 of 5 trials cor-
rect), and the number after the decimal indicates the proportion
out of three trials in the next highest set size recalled correctly.
Also noteworthy about recall scoring is that participants are
given credit for correctly recalling the misperceived words dur-
ing the recognition task (following Pichora-Fuller et al. 1995).
If there is no response for a given word during recall testing,
then the word is scored as incorrect. Finally, an additional score,
referred to as the judgment score (in percent correct), is calcu-
lated only for the alphabet processing condition, but this score
is expected to be nearly perfect and serves primarily to ensure
that the listeners engage in the processing task. Like the recall
score, participants are given credit for correctly judging any
misperceived words during the recognition task.
Words-in-Noise Test with the VA Female Speaker #2
(WIN#2) ¢ The original Words-In-Noise test (Wilson 2003;
Wilson et al. 2003) consists of two lists of 35 NU-6 words pre-
sented in a 6-talker babble. The WIN paradigm involves the pre-
sentation of 5 unique words at each of 7 signal to noise ratios
(S/N) from 24 to 0 dB in 4-dB decrements. The level of the
babble is held constant and the level of the speech is varied.
With WIN#2, the original WIN speech signals (carrier phrase
Say the word and target words) were replaced by the corre-
sponding stimuli recorded by the VA female speaker #2 using
a different carrier phrase (You will cite). The same recording of
the carrier phrase was concatenated with each of the 70 target
words and mixed with the 70 babble segments from the original
WIN. The listener’s task is to repeat the target word and to guess
when unsure. The 50% point (in dB S/N) is calculated using the
Spearman-Kérber equation (Finney 1952). Unpublished data
from our laboratory demonstrated that the 50% points of the
WIN and the WIN#2 were similar, differing by <1 dB for YNH.
None of the words used in the WARRM were the same as the
words used in the WIN#2 test.

Digit Span ¢ A modified audio version of the digit span
subtest of the Weschler Adult Intelligence Scale (4th edition,
WAIS-IV, Wechsler 2008) was recorded. Typically, the digit
span task is administered in a face-to-face interview with the
examiner presenting the digits (0 to 10) using live voice with
about a 1-second ISI. The recorded version used the 9 monosyl-
labic digits (1 to 10, excluding the bisyllabic 0 and 7 that were
used in the WAIS-IV) spoken by VA female speaker #2 that
were compiled into a progressive sequence of digit sets with a
1-second ISI that terminated with a 500-msec, 500-Hz tone that
signaled the listener to respond. The use of recorded materi-
als provided a standardized protocol that controlled differences
due to talker variables (including auditory and visual speech
characteristics), presentation level, and timing differences that
are not controlled in the standard face-to-face administration
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of the test. Other than the recorded presentation, the standard
procedures for administering and scoring the digit span were
followed. The digit span test consists of three subtests includ-
ing DSF, digit span backward (DSB), and digit span sequencing
(DSS). The three digit span subtests differed in terms of the
response that was required. In the DSF task, the listener is asked
to repeat the digits in the order in which they were presented.
In the DSB task, the listener is asked to repeat the digits in the
reverse order in which they were presented. In the DSS task,
the listener is asked to repeat the digits in ascending numerical
order. In each subtest, a series of digit trials are administered,
ranging from a set size with two digits in a trial up to set sizes
with eight (DSB) or nine (DSF, DSS) digits in a trial. There are
two trials for each set size, which makes up an item. One point
is given for each trial correctly repeated. The test is terminated
when an item score (total of two trials of equal set size) is zero.
The total raw score possible for each subtest is 16.

Auditory Free Recall « A list of 15 monosyllabic words
(without carrier phrases) were recorded (ISI = 2 seconds), ter-
minating with a 500-msec, 500-Hz tone that prompted the par-
ticipants to write down in a 3-min interval as many words as
they could remember. The test was scored by summing the num-
ber of words that the listener correctly recalled. See Table 2 in
Supplemental Digital Content (http://links.lww.com/EANDH/
A277) for a list of the 15 words used in this test (adapted from
Rabbitt 1968, 1991; Park et al. 1996).

Visual Free Recall « The VFR task is a visual counterpart to
the AFR task and was included to provide a nonauditory com-
parison measure. For the VFR, a list of 15 words (Table 2 in
Supplemental Digital Content, http://links.lww.com/EANDH/
A277), which were different from the AFR words, was pre-
sented as text in a power point slide show (Microsoft) on a
38-cm computer screen (Dell 1908FP), one at a time, with a
1-second ISI. The words (72-point regular black Calibri lower-
case font) were centered on a white background. Following the
15 words, a yellow slide with the word “RECALL” (72-point
regular black Calibri uppercase font) was shown as the recall
prompt. VFR recall and scoring procedures were identical to
those in the AFR test (adapted from Rabbitt 1968, 1991).
Vocabulary < The participants were administered the 30-word
vocabulary subtest of the WAIS-IV test according to the test
administration and scoring procedures. In short, the examiner
read the word to the participant, while the participant looked at
the printed word in the stimulus booklet (starting with item 5,
“apple”). The words were ordered from easy to difficult. If the
participants cannot define the word apple to demonstrate good
understanding, then they were asked to define earlier words on
the list (all of our participants could define the word apple). The
participants were asked to define each word, and their definitions
were recorded verbatim in writing by the examiner on the score
sheet. Each definition was scored with a 2 (i.e., good understand-
ing of the word), a 1 (i.e., correct definition but lacking content),
or a 0 (i.e., no understanding of the word even after query). The
test was terminated after 3 consecutive scores of 0. The scores
were summed and the total possible raw score was 57.
Montreal Cognitive Assessment + The MoCA screens for
mild cognitive impairment by assessing attention and con-
centration, executive functions, memory, language, visuo-
constructional skills, conceptual thinking, calculations, and
orientation. The maximum score is 30 points, with a score of

>26 suggestive of normal cognitive function. The MMSE was
used to determine eligibility for the study, but the MoCA score
was included as a descriptor variable because it is more sensi-
tive than the MMSE in detecting mild cognitive impairment
(scores of 22 to 25; Nasreddine et al. 2005).

Procedures

The study was approved by the East Tennessee State Univer-
sity/VA Institutional Review Board and the VA Research and
Development Committee before its initiation. All participants
provided informed consent before commencing with study pro-
cedures. Testing was accomplished in 2, 90-min sessions with
breaks included in each session. The participants were remuner-
ated $20 per hour at the end of each test session. In session 1,
following the informed consent process, the participants in the
YNH and ONH groups were asked about their medical history
to determine if a comorbid condition existed; a medical record
chart review was performed to determine if comorbid condi-
tions existed for the OHL participants. All participants then
completed the MMSE. A standard audiologic evaluation was
conducted, including an otoscopic examination, tympanometry
and ipsilateral acoustic reflex threshold testing (Grason-Stadler,
Model Tympstar), and pure-tone audiometry for octave frequen-
cies 250 to 8000 Hz and interoctave frequencies of 3000 and
6000 Hz (Grason-Stadler, Model 61) using insert earphones
(Etymotic, Model ER-3A).

For the experimental portion of session 1, the participants
completed the three subtests of the modified digit span test,
WARRM (no judgment condition) in quiet, the vocabulary test,
and either the auditory or visual free recall test. The test order of
the experimental measures in session 1 was randomly assigned
to participants. In session 2, the participants completed the
WARRM (alphabet processing condition) in quiet, two 35-word
lists of the WIN#2 (counterbalanced), either the auditory or
visual free recall test (which ever was not presented in session 1),
and the MoCA. The OHL participants had hearing aids, which
they wore during the MMSE, MoCA, vocabulary, and visual free
recall testing. All audio-recorded test materials were reproduced
on a CD player (Sony, Model CDP-CE500), routed through the
audiometer, and presented binaurally through insert earphones,
while the participant was seated in the double-walled sound
booth (IAC Acoustics). The materials were presented binaurally
to represent an ecologically relevant condition of listening. The
presentation levels for the recorded materials were 70 dB HL
for listeners who had pure-tone averages (PTAs; re: 500, 1000,
and 2000 Hz) <40 dB HL and 80 dB HL for listeners with PTAs
>40 dB HL (American National Standards Institute 2010) and
were chosen in attempt to ensure audibility of the auditory test
materials.

RESULTS

The WARRM was the main experimental measure. The
WARRM results (recognition and recall) are presented for the
two processing conditions (no processing and alphabet process-
ing). The judgement score was obtained only for the alphabet
processing condition. Finally, the evaluation of the relations
among the WARRM recall results, measures of memory, and
the WIN#2 using correlational and/or hierarchical regression
analyses are presented.
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TABLE 1. The mean recognition performance in percent correct
(and 1 SD) as a function of processing condition and set size are
listed for each listener group

YNH ONH OHL

Processing  Set size M SD M SD M (SD)
None 2 100.0 0.0 981 45 704 220
3 99.3 31 986 3.1 872 126

4 996 1.7 985 29 825 147

5 99.8 0.8 99.7 30 808 126

6 972 26 964 35 799 121

Overall 989 1.0 979 2.1 808 122

Alphabet 2 100.0 0.0 988 33 750 204
3 999 10 993 21 907 9.2

4 99.1 22 983 32 841 117

5 999 06 986 34 842 138

6 975 26 975 26 805 12.1

Overall 99.0 12 985 26 831 113

OHL, older listeners with hearing loss; ONH, older listeners with normal hearing; YNH, younger
listeners with normal hearing.

Word-Recognition Performance

Table 1 provides the mean percent correct word recognition
obtained in the two processing conditions, at each set size by
each of the three listener groups. Guessing was encouraged, but
if the participant made no response to a word during the recog-
nition portion of the test, then the word was scored as incorrect.
The YNH and ONH listeners had recognition scores that were at
ceiling with little variability across set sizes in both processing
tasks. In contrast, word-recognition performance by the OHL
listeners was lower and varied more among the five set sizes.
Figure 3 displays the mean recognition scores (large squares)
for the OHL listeners as a function of set size and processing
condition; the small circles show the recognition scores for the
each word in each set size in the alphabet processing condition.
Importantly, the data in the figure show that word-recognition
accuracy is not negatively affected by adding the alphabet pro-
cessing task and does not decline as memory load is increased
with increasing set size. Also note that there are few words for
which noticeably lower accuracy scores are achieved.

A repeated measures ANOVA was conducted*, with pro-
cessing condition (none and alphabet) and set sizes (2, 3, 4, 5,
and 6) as the within-subjects factors for the OHL listeners only.
There was a main effect (with Greenhouse-Geisser corrections)
of processing condition, F(1,47.0) =12.6, p <.001, I]p2 =0.21,
and of set size, F(4, 100.6) = 29.0, p < .001, l]p2 = 0.38, but
no significant two-way interaction between processing task
and set size. Post hoc analyses with Bonferroni corrections for
multiple comparisons were conducted. For the main effect of
processing condition (collapsed across set sizes), word-recog-
nition accuracy was significantly better in the alphabet process-
ing condition than in the no processing condition (by 2.3% or
less than 3 words on this 100-item test). For the main effect
of set size, compared with all other set sizes, word-recognition
accuracy was worst for set size 2 and best for set size 3, with
no differences amongst set sizes 4, 5, and 6. The interested
reader is referred to Table 3 in Supplemental Digital Content

* Another analysis was conducted when the percent correct data were
arcsine transformed, but the raw scores are presented because the transfor-
mation did not change the statistical interpretation.
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Fig. 3. The mean recognition performance (percent correct) is plotted as
a function of set size for the older listeners with hearing loss. The large
squares show the mean performance (with error bars representing 1 SD)
for all the words in the set size for the no processing task (grey) and for
the alphabet processing task (white). The small filled circles represent the
mean performance for the individual words in each set size in the alphabet
processing condition and are plotted on either side of the large symbols to
avoid superimposition and improve graphical clarity.

(http://links.Iww.com/EANDH/A277) for the mean perfor-
mance for each word in each set size for the three listener
groups.

Judgment Score for the Alphabet Processing Condition
For the alphabet processing condition only, the participants
were instructed to judge the first letter of the target word as
belonging to the first half (A—M) or the second half (N-Z) of
the alphabet. A judgment score was calculated as the percent-
age of the words that were judged correctly. As expected, the
overall mean judgment scores for the test in the alphabet pro-
cessing condition were at near-ceiling performance: 98.8%
(SD = 0.7%) for the YNH, 98.7% (SD = 0.7%) for the ONH,
and 96.9% (SD = 1.1%) for the OHL listeners. These scores
indicate that the participants were engaged in processing the
target stimuli because they were able to correctly indicate which
half of the alphabet contained the first letter of the target word.

Recall

Recall in the two processing conditions for each listener
group are presented for (1) overall percent correct recall across
the 100 words, (2) percent correct recall by set size, and (3)
working memory span.
Overall Percent Recall « The mean recall scores for each
group and processing condition are listed in Table 2. For all
groups, recall was poorer in the alphabet processing condition
than in the no processing condition. Recall was best for the
YNH group, followed by the ONH group, and was poorest for
OHL group. A mixed model, repeated measures ANOVA was
conducted to examine overall recall differences, with process-
ing condition (none versus alphabet) as a within-subject factor
and group (YNH, ONH, and OHL) as a between-subjects fac-
tor. The results (with Greenhouse-Geisser corrections) showed
a main effect of processing condition, F(1.0, 141.0) = 129.0,
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TABLE 2. The mean recall performance in percent correct (and
1 SD) as a function of processing condition and set size are
listed for each listener group

YNH ONH OHL

Processing Setsize M SD M SD M SD

None 2 99.6 2.0 98.1 4.9 9438 8.5
3 97.5 49 935 9.5 893 11.4

4 979 3.8 90.7 9.5 80.7 14.8

5 948 6.5 834 128 728 17.3

6 849 119 713 151 60.1 15.9

Overall 933 53 84.0 9.8 751 121

Alphabet 2 988 3.3 944 7.1 93.8 7.3
3 968 56 896 122 86.4 111

4 89.8 93 839 131 746 16.0

5 849 11.0 728 147 653 15.8

6 750 12.0 61.9 132 53.8 121

Overall 860 76 765 105 69.7 11.2

OHL, older listeners with hearing loss; ONH, older listeners with normal hearing; YNH,
younger listeners with normal hearing.

p<.001,1 ?=0.48, and a main effect of group, F(2,141)=44.2,
p < .001, rlpz = (.39, but no significant interactions. Post hoc
analyses with Bonferroni corrections for multiple comparisons
were significant (p < .001). Specifically, for the main effect of
group collapsed across processing condition, (1) the YNH group
had 9.4 and 17.3% better recall compared with the ONH and
OHL listeners, respectively, and (2) the ONH group had 7.9%
better recall than the OHL group. Collapsed across groups,
recall in the no processing condition was 6.7% better than in
the alphabet processing condition and the differences between
processing conditions were similar for the YNH (7.3%), ONH
(7.5%), and OHL (5.3%) groups.

Percent Recall Accuracy by Set Size * As anticipated, and as
can be seen in Table 2, recall accuracy decreased as set size
increased for all listener groups. A mixed model, repeated mea-
sures ANOVA was conducted with group (YNH, ONH, and
OHL) as a between-subjects factor and with percent correct
recall for each set sizes (2, 3, 4, 5, and 6) and processing condi-
tion (none and alphabet) as within-subjects factors. The results
(with Greenhouse-Geisser corrections) showed a main effect on
recall of processing condition—F(1,141.0) = 136.1, p <.001, I]pz
= 0.49—set size—F7(2.81,396.3) = 450.6, p <.001,1,* = 0.76—
and group—F(2,141)=41.4, p <.001, 1 *=0.37. Post hoc anal-
yses with Bonferroni corrections for muftiple comparisons were
conducted. As before, for the main effect of processing condi-
tion (collapsed across group and set size), recall in the alphabet
processing condition was significantly worse than recall in the
no processing condition (by 5.9%). In terms of the main effect
of set size (collapsed across processing task and group), recall
scores among all set sizes were significantly different (ranging
from 4.5 to 28.7%), with recall being best for set size of 2 and
progressively worsening through set size 6. For the main effect
of group (collapsed across processing condition and set size),
recall scores were significantly different among the three groups;
the OHL listeners had significantly poorer recall compared with
the ONH (by 6.8%) and the YNH listeners (by 14.7%) and the
ONH listeners had poorer recall than the YNH listeners (by
7.9%). There was a significant two-way interaction of set size
and group (collapsed across processing condition), F(5.6,396.3)
= 18.1, p < .001, rlp2 = (0.21. This interaction is illustrated in
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Fig. 4. The two-way interaction for recall (percent correct) between group
and set size is shown (bottom panel). The corresponding data for recogni-
tion scores also are shown (top panel). OHL, older listeners with hearing
loss; ONH, older listeners with normal hearing; YNH, younger listeners
with normal hearing.
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Figure 4 (bottom panel). As seen in the figure, all groups per-
formed similar at the smallest set sizes and group differences
become more apparent as set size increased. For comparison
with recall, the mean word-recognition scores also are plotted
(top panel) and do not show the same decline in performance
with increasing set size. There also was a significant two-way
interaction of set size and processing task, F(3.9, 533.5) =15.7,
p < .001, n? = 0.10, which is displayed in Figure 5 (corre-
sponding recognition scores are also presented for reference).
As illustrated, recall performance decreased with increasing set
size, particularly with added processing with the alphabet judg-
ment task. There was either no significant interaction between
processing condition and group or a significant three-way inter-
action among processing task, set size, and group.

Span Scoring ¢ The mean span scores obtained by the three
listener groups in the two processing conditions are illustrated
in Figure 6. The same pattern with the overall percent correct
scoring procedure was observed with the span scoring proce-
dure. All groups recalled more in the no processing condition
than in the alphabet processing condition (also see Fig. 7).
The YNH listeners recalled more than the two older listener
groups, and the ONH listeners recalled more than the OHL
group. A mixed model, repeated measures ANOVA was con-
ducted and the results (with Greenhouse-Geiser corrections)
revealed only significant main effects on recall for processing
condition, F(1.0,141.0)=110.2, p <.001, I]pz =0.44, and group,
F(2,141) = 30.6, p < .001, n* = 0.30. Again, these results
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Fig. 5. The two-way interaction for recall (percent correct) between set size
and processing task is shown (no processing = black diamonds; alphabet
processing = open diamonds). For reference, the grey diamonds and line
represent the corresponding recognition scores.

suggest that adding the alphabet judgment task to the WARRM
test increased the cognitive processing load for all groups.
This is reflected in the significantly poorer span scores in the
alphabet processing condition compared with the no process-
ing condition across all listener groups (0.8 difference between
span scores in the processing conditions for the YNH and OHN
listeners, and 0.5 for the OHL listeners). These results also
demonstrate group differences, with YNH performing the best,
followed by ONH, and the OHL listeners performing worst.
Finally, these results confirm that scoring recall on the WARRM
using either the percent correct or the span scoring procedures
yields the same basic pattern of results (Fig. 8).

Correlations Between WARRM Span Results and Other
Measures of Memory

Given that the two WARRM scoring procedures were
strongly correlated (Fig. 8), we conducted further analyses with
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Fig. 6. The mean recall performance measured using the span scoring
method is plotted as a function of listener group for the no processing con-
dition (grey hexagons) and for the alphabet processing condition (open dia-
monds). The error bars represent 1 SD. OHL, older listeners with hearing
loss; ONH, older listeners with normal hearing; YNH, younger listeners
with normal hearing.

only one type of score. We selected the span score because a
span score is unchanged whether the entire test is administered
or the procedure is truncated (i.e., the test could be terminated
once a span score is achieved, which could yield a more efficient
procedure for clinical use). The WARRM recall results were
expected to be related to other measures involving cognition
and memory across the listener groups (see Table 3 for the mean
performance on these memory/cognitive measures) and Pearson
r correlations were performed to explore these relations. When
collapsed across group, span in both processing conditions was
significantly correlated with all memory/cognitive measures, as
expected. Table 4 lists the correlations that ranged from fair to
moderate. This correlation analysis was repeated for each lis-
tener group separately and those results are reported in Table 5.

Association Between WARRM Span and 50%-Point
Thresholds on the WIN#2

Mean WIN#2 performances, in dB S/N (1 SD), were 4.4 (1.2),
5.9 (1.6), and 13.7 (3.2) for the YNH, ONH, and OHL listeners,
respectively. The association between WARRM span and 50%-
point thresholds on the WIN#2 was examined with regression
analyses to explore the amount of variance in speech in noise
performance that was explained by auditory working memory.
Because age and high-frequency hearing loss have been shown
to be associated with WIN thresholds (Wilson 2011), age and
the high-frequency pure-tone threshold average (HFPTA; bilat-
eral average of 1000, 2000, and 4000 Hz) were used as control
variables. Six separate hierarchical regression analyses were
computed to examine the association for WIN#2 performance
and the WARRM memory span for both processing conditions
for each listener group. The control variables (age and HFPTA)
were entered into the first step, followed by entry of WARRM
span score on the second step. For all groups and with both
processing conditions, the control variables explained a signifi-
cant portion of variance in WIN#2 performance for all listener
groups, but especially for the OHL listeners. High-frequency
pure-tone average was the primary control variable that contrib-
uted to this variance (see Tables 4 and 5 in Supplemental Digi-
tal Content, http://links.lww.com/EANDH/A277, for regression
results where only the control variable(s) were significant).
After controlling for age and HFPTA, WARRM memory span
results account for a significant portion (7.4%) of WIN#2 per-
formance in the ONH listeners (alphabet processing condition)
and for a significant portion (4.3%) of WIN#2 performance in
the OHL listeners (no processing condition; Table 6).

DISCUSSION

The WARRM test was developed to augment the information
gathered during the standard audiologic assessment by adding
new information about auditory working memory for speech.
Below, we will (1) interpret the important findings of the pres-
ent study regarding the WARRM, (2) discuss the potential
advantages of the WARRM over other working memory tests,
and (3) suggest possible clinical applications of the WARRM in
rehabilitative audiology.

Discussion of WARRM Results from the Present Study
As discussed, the present study provides a number of results
that will be useful in guiding the further refinement of the
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superimposition.

WARRM test. These findings confirm the feasibility of com-
bining testing of recognition and recall, demonstrate the value
of incorporating cognitive processing demands when testing
auditory recall, provide evidence of construct validity in terms
of associations with results of memory measures and expected
associations with speech in noise test results, and raise ques-
tions about generalizability of the findings to other populations.

Combining Recognition and Recall into One Test

In designing the WARRM, we used the monosyllabic word-
recognition materials commonly used by audiologists and
incorporated them into a standard working memory paradigm.
The WARRM results provide two scores, a word-recognition
score, and a recall score. Ideally, both the word-recognition and
recall scores from the WARRM would yield clinically useful
information without contamination by the integration of the test

procedures. In terms of word recognition on the WARRM, as
expected, the YNH and ONH listeners had performance at or
near ceiling and the OHL listeners had poorer but still good
word-recognition performance. In general, the word-recognition
performance for the OHL listeners was stable across set sizes,
except for set size two, probably because that set size contained
a few words for which the OHL listeners obtained lower scores
(see Wilson & McArdle 2015 who demonstrated that recogni-
tion performance among a set of words is not homogeneous for
listeners with hearing loss; see also Table 3 in Supplemental
Digital Content, http://links.lww.com/EANDH/A277, for an
item analysis of each word). Word recognition in the alphabet
processing condition was ~2% better than in the no processing
condition. This difference is not considered to be consequential
and is presumably due to learning/practice effects because the
no processing condition was always given before the alphabet
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Fig. 8. Span scores (ordinate) are plotted as a function of percent correct recall scores (abscissa) for the no processing task condition (first column)
and the alphabet processing task condition (second column). The results for the three groups are shown in separate panels along with the Pearson
r correlations. The unfilled symbols represent individual datum points and the large, and the filled symbols represent the mean performance. The linear
regression line for each group also is plotted. The data in the figure were jittered using an additive algorithm from —0.25 to 0.25 in 0.05 steps to avoid

superimposition.

TABLE 3. The mean (and 1 SD) of the memory/cognitive
variables measured in the three listener groups

Younger Older Older Hearing
Normals “Normals” Loss
Digit span
Forward 9.3 (2.1) 8.9 (1.8) 8.3 (2.0)
Backward 8.3(2.4) 7.8(1.8) 7.2(1.6)
Sequencing 10.0(1.8) 8.9 (1.6) 8.1 (2.0
Auditory free recall 8.2 (2.2) 6.6 (1.6) 49(1.7)
Visual free recall 8.2 (2.1) 5.5 (2.1) 4.6 (2.0)
Vocabulary 34.9 (7.3) 37.9(9.9) 32.6 (7.3)
Montreal cognitive 28.2 (1.5) 26.5 (3.0) 26.1 (2.5)
assessment

processing condition. Importantly, word-recognition accuracy
was not detrimentally affected by increasing set size for any
listener group. Also noteworthy is that WARRM word-recogni-
tion scores were obtained binaurally, a more ecologically valid
condition of everyday listening. Furthermore, the item-by-item
recall score takes into account the word that was recognized. A
binaural word-recognition score would not replace traditional
ear-specific or diagnostic testing. The WARRM, however, could
be administered monaurally if ear-specific information was of
interest (e.g., Smith & Pichora-Fuller 2015). Future research
would be needed to determine if WARRM recognition scores
obtained monaurally (with the full or truncated procedures)
are equivalent to and could possibly replace traditional word-
recognition testing.
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TABLE 4. The Pearson r correlation coefficients among the span
scores (no processing and alphabet processing conditions) and
the memory/cognitive measures collapsed across all listeners
(n =144)

No Alphabet
Processing Processing
Digit span forward 0.29, p < .001 0.31, p =.002
Digit span backward 0.42, p < .001 0.32, p < .001
Digit span sequencing 0.31, p <.001 0.45, p < .001
Auditory free recall 0.46, p < .001 0.41, p < .001
Visual free recall 0.55, p <.001 0.51, p <.001
Vocabulary 0.54, p < .001 0.39, p < .001
Montreal cognitive assessment 0.51, p <.001 0.57, p < .001

As expected, despite stable word-recognition performance
across set size, WARRM recall results declined with increasing set
size. Based on this pattern of results, we would expect clinicians
to be able to obtain information about general word-recognition
abilities, while simultaneously obtaining new information about
working memory for speech. Furthermore, for all three groups,
there was good agreement between the results obtained using the
percent correct recall scoring and the span scoring procedures,
indicating that either procedure could be implemented in the
clinic. If it was important to fix the length of the test for the pur-
poses of word-recognition testing, then the percent correct scoring
method could be used. If, however, shortening the memory test
was a priority, then the span scoring approach would allow the
examiner to terminate the test once the set size is reached where
recall performance plateaus because better recall performance
should not be achieved by the listener at larger set sizes.

Choice of Processing Condition

In the no processing condition, working memory resources
were required only for hearing and repeating the target word,
similar to the kind of cognitive load typically required in clini-
cal tests of word recognition. Differences in recall between the
groups in the no processing condition most likely reflect differ-
ences in the auditory demands of the recognition task and are
likely to be associated with pure-tone threshold elevation and/
or suprathreshold auditory processing deficits, that is, recall
would be poorer for those with poorer hearing because increased
auditory processing demands would deplete the working mem-
ory resources available for recall. In the alphabet condition,
additional working memory resources are required because the

TABLE 5. Pearson r correlation coefficients (and p values) relating

measures are listed for each listener group

listener has to think about the spelling of the word and make a
decision about the place of the target word in the alphabet. The
additional nonauditory processing demanded by the alphabet
task was expected to result in reduced recall because it would
pose an increased demand on working memory resources that
would further deplete the spare capacity available for storage,
that is, the alphabet processing condition would reflect a com-
bination of auditory and nonauditory processing demands on
resource allocation in working memory. Indeed, recall in the
alphabet processing condition was significantly worse than
recall in the no processing condition for all three groups of
listeners. In effect, the score in the alphabet processing condi-
tion provides a new and more ecologically relevant measure
of how well listeners can use information for other purposes
once words have been heard, thereby more effectively revealing
differences in groups of listeners who vary in age and degree
of hearing loss. Furthermore, because this additional process-
ing requirement differentiates WARRM from tests in which
the task is simply to repeat words, we decided to focus on the
administration of WARRM with the alphabet processing condi-
tion as we move forward with test refinement. Future variants
of WARRM could incorporate a no processing condition or
other types of processing conditions.

Construct Validity

Construct validity of the WARRM was demonstrated by the
overall finding that WARRM recall was significantly correlated
with other memory and/or cognitive measures across partici-
pants. In another study, Smith and Pichora-Fuller (2015) showed
that WARRM span (alphabet processing) was significantly
correlated with reading span for OHL (» = .55), further dem-
onstrating construct validity of the WARRM. Nevertheless, the
correlations between WARRM and the memory/cognitive mea-
sures in the present study (Table 5) were not strong (i.e., they
were not >.80; Franzblau 1958). Taken together, these correla-
tions suggests that WARRM recall, in either processing condi-
tion, assesses abilities in common with other memory measures,
as well as assessing unique memory abilities, which also may
explain why correlations between WARRM span and memory
or cognitive measures differed in terms of number, strength, and
significance at the group level. Within each listener group, the
correlations between WARRM and other memory or cognitive
measures were likely influenced by a combination of group dif-
ferences in demographic characteristics, auditory processing
abilities, task requirements, and test modality.

span (in each processing condition) to the memory/cognitive

DSF DSB DSS AFR VFR Vocabulary MoCA

No processing

YNH .34 (.017) ns ns .29 (.045) .31 (.033) .41 (.004) .40 (.005)

ONH .51 (.001) .32 (.026) .48 (.001) .44 (.002) ns .53 (<.001) .55 (<.001)

OHL .29 (.046) ns ns Ns .41 (.004) ns .34 (.018)
Alphabet processing

YNH ns ns ns Ns ns .49 (<.001) .35 (.015)

ONH .38 (.008) .48 (.001) .49 (<.001) Ns .33 (.024) .52 (<.001) .67 (<.001)

OHL ns ns ns Ns .42 (.003) ns .37 (.010)

AFR, auditory free recall; DSB, digit span backward; DSF, digit span forward; DSS, digit span sequencing; MoCA, Montreal cognitive assessment; ns, not significant; ONH, older listeners with
normal hearing; OHL, older listeners with hearing loss; VFR, visual free recall; YNH, younger listeners with normal hearing.
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TABLE 6. Hierarchical regression results predicting Words-in-Noise (#2) performance from WARRM span scores in the older listeners

Partial
R R2A B* BT Correlation F/tf p
Older listeners with normal hearing
Step 1: control variables .543 .295 9.40 <.001
Age 0.072 0.237 0.229 1.83 .074
Hearing loss (HFPTA) 0.119 0.429 0.414 3.30 .002
Step 2: WARRM .607 .074 5.13 .028
Span score (alphabet -0.470 -0.297 -0.271 -2.27 .028
processing)
Older listeners with hearing loss
Step 1: control variables 0.761 0.579 30.92 <.001
Age 0.079 0.142 0.139 1.44 157
Hearing loss (HFPTA) 0.250 0.720 0.705 7.29 <.001
Step 2: WARRM 0.788 0.043 4.98 .031
Span score (no processing) -0.699 -0.207 -0.207 -2.23 .031

*Unstandardized regression coefficient from that step.
tStandardized regression coefficient from that step.

1F corresponding to R? change; t corresponding to f3.
WARRM, word auditory recognition and recall measure.

Association Between Memory and Speech in Noise
Performance

Significant associations between cognitive or working mem-
ory measures and speech in noise performance have been found
in many studies. The WIN test is an example of a well-docu-
mented instrument used to assess word-recognition performance
in noise. We assessed the correlations between the WARRM
span and WIN#2 50%-point thresholds for all listeners and in
each of the three listener groups. Having controlled for age and
hearing loss (Wilson 2011), we found that WARRM memory
span is significantly, but weakly, related to WIN#2 threshold for
both groups of older listeners, but not for younger listeners. For
young listeners, regression analyses showed that WARRM mem-
ory span was not associated with WIN#2 performance, presum-
ably because the variance in their measures was too restricted.
Even with the additional alphabet processing task, the WIN#2
task presumably imposed only minimal processing demands on
the YNH group. The results of the hierarchical regression analy-
ses showed that the WARRM span explained an additional, but
small, proportion of variance above age and hearing loss, but
only in the alphabet processing condition for the ONH listeners
(7.4%) and the no processing condition for the OHL listeners
(4.3%). These results are consistent with the interpretation that
the OHL listeners found listening to be sufficiently demanding
to affect recall even in the no processing condition, whereas the
ONH group listeners did not find it so demanding until the addi-
tional alphabet processing task was added.

Humes (2007) suggested that sufficient audibility of speech
is achieved when the signal is 15 dB sensation level (re: each
pure-tone threshold). In the present study, we used a presentation
level of 70 or 80 dB HL (depending on the pure-tone average
of the participant), but it is possible that some high-frequency
information was not completely audible for the listeners with
hearing loss (Fig. 1; also see Smith et al. 2012). If we had shaped
the presentation level of the stimuli according to the hearing loss
of the participant as suggested by Humes, then WARRM span in
the alphabet processing condition may have emerged as a signifi-
cant predictor in WIN#2 performance for the OHL listeners. We
did not do this in the present study because most clinicians pres-
ent speech stimuli to patients at an absolute presentation level

via CD routed through an audiometer. The proportion of vari-
ance in WIN#2 performance explained by WARRM memory
span for both older groups, however, is in line with other reports
that cognition explains a small but significant percent of the vari-
ance (5 to 15%) in speech understanding (e.g., Akeroyd 2008;
Houtgast & Festen 2008).

Generalizability

Of course, the results of this study are limited to the sam-
ples in the present study and may not be generalizable to other
samples. For example, most participants in the OHL group were
from the Veteran population and predominately male, whereas
the participants in the YNH and ONH groups were recruited
from the community and included more females. Although
such gender differences may affect some aspects of hearing,
they are not likely to affect working memory results signifi-
cantly (e.g., Redick etal. 2012). Nevertheless, it is possible
that differences among the groups in demographic character-
istics, gender, and other variables contributed to group differ-
ences on the WARRM; however, all groups met the eligibility
requirements for the study (e.g., no comorbid conditions, pass-
ing the MMSE, etc.) and were similar in all other nonauditory
criteria we evaluated. Even if the ONH and OHL groups were
matched on nonhearing variables, we would still expect differ-
ences in the groups due to differences in auditory processing on
the WARRM. The WARRM was administered in the auditory
domain as an attempt to quantify the interplay between memory
processing and auditory processing within and between people.
We anticipate that listeners with hearing loss (e.g., OHL) would
allocate more working memory resources to processing audi-
tory stimuli than listeners with good hearing (e.g., ONH) such
that group differences on the WARRM would be expected even
if all other variables were similar between the two older groups.
Given the diversity of patient characteristics in clinical popula-
tions, future studies with the WARRM will need to compare
groups that are matched or that contrast on demographic vari-
ables (e.g., gender, etc.) so that the influence of these character-
istics on test results can be ruled out or appropriately taken into
account when test results are interpreted clinically.

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



SMITH ET AL./ EAR & HEARING, VOL. 37, NO. 6, e360-e376 e373

Advantages of WARRM Over Other Working Memory
Measures

Audiologists have become increasingly interested in mea-
suring working memory in the clinic because working memory
may play an important role in speech understanding, especially
in complex listening situations. Measuring it may be a useful
addition to the rehabilitative audiologic workup, (e.g., Pichora-
Fuller & Singh 2006; Souza 2012). To date, most studies have
used the reading span working memory measure, especially
when the purpose of the research has been to examine interin-
dividual differences in working memory capacity. For a num-
ber of reasons, the reading working memory span test may not
be the most clinically feasible test in audiology clinics. A lis-
tening working memory span test such as the WARRM may
be a more feasible and relevant measurement. First, the test
administration time for the typical reading working memory
test is approximately 20 to 30 min and would occupy a signifi-
cant portion of valuable and limited appointment time in most
clinics, whereas, the WARRM takes approximately 10 min to
administer. Second, the reading span test is administered in the
visual modality. As previously discussed, measuring working
memory using speech stimuli in the auditory domain, the same
domain in which individuals understand speech, may be the
more ecologically valid if the goal is to assess the interplay
between auditory and cognitive processing experienced by an
individual in everyday listening situations (Baldwin & Ash
2011; Besser et al. 2013). Indeed, there is evidence to suggest
that working memory is domain and modality specific (e.g.,
Pichora-Fuller et al. 1995; see Besser et al. 2013 for review).
Clearly, it would not be possible to use the reading span test
to evaluate the effects on an individual of varying processing
demands by manipulating auditory demands, (e.g., masking
conditions). Another practical consideration is the possible
effect of vision loss or low literacy level on reading working
memory span. Third, measuring intraindividual differences in
working memory span under various listening conditions has
potential as an outcome measure in audiologic rehabilitation
insofar as any improvements in auditory functioning would
more likely be detected by a test of listening than in a read-
ing working memory span (Pichora-Fuller 2006a, b, 2008;
Pichora-Fuller & Singh 2006). Future studies will investigate
the use of the WARRM as a metric to assess intraindividual
differences.

We developed the WARRM to be a domain- and modal-
ity-specific test of auditory working memory for speech that
would overcome the limitations of the reading span working
memory measure in assessing listening. The WARRM incorpo-
rates audio-recorded speech materials from established clinical
word-recognition tests into a well-established working memory
span test procedure. The measure is presented via CD through
the audiometer so that the presentation level can be adjusted
according to the pure-tone hearing thresholds of the listener fol-
lowing established audiologic testing methods. The WARRM
takes approximately 10min to administer in its entirety (all
100 words), including practice. If the span scoring method is
used rather than the percent correct method then testing time
could be shortened by 50% or more depending on the individual
span score because lower span scores would require less test
administration time (Pichora-Fuller 2003, 2006a, b, 2007). Ter-
minating the WARRM when a span score is achieved may prove

to be more clinically feasible for busy clinicians and potentially
improve acceptability of the WARRM by patients who may find
recall with higher set sizes frustrating. Because the WARRM is
administered in the auditory modality, it could be easily adapted
to assess intraindividual differences in working memory under
different listening conditions and also serve as an outcome mea-
sure (e.g., to evaluate the benefit of hearing aid use). Finally, the
WARRM may be a useful counseling tool for patients as the
results may provide insight into patient complaints that speech
understanding is effortful or tiring (e.g., in demanding listening
situations, a lower span would suggests that the individual may
experience higher listening effort, while a higher span would
suggests that the individual may experience lower listening
effort), even when both individuals have good word-recognition
scores.

SUMMARY AND CONCLUSIONS

Experimental research suggests that interindividual differ-
ences in working memory may be a key indicator of who will
achieve improvements in speech in noise performance when
using certain hearing aid processing features, such as com-
pression, noise reduction, or frequency compression (e.g.,
Lunner 2003; Gatehouse et al. 2006a, b; Foo et al. 2007;
Moore 2008; Lunner et al. 2009; Rudner et al. 2011a; Are-
hart et al. 2013; Ng et al. 2013, 2014; Desjardins & Doherty
2014; Souza & Sirow 2014). Clinicians, therefore, may alter
the way in which hearing aids are programmed if the working
memory capacity of individual patients could be determined
by a clinically feasible measure of working memory, such
as the WARRM. Furthermore, listeners with lower working
memory may be identified as needing additional audiologic
rehabilitation, above and beyond hearing aids, to reduce the
perceptual effort of understanding speech. For example, lis-
teners could use compensatory top-down cognitive strategies
by using supportive context to facilitate speech understand-
ing in difficult listening situations (e.g., Pichora-Fuller 2003,
2006a, b, 2008; Pichora-Fuller & Singh 2006, for a discus-
sion; see also Pichora-Fuller et al. 1995; Kricos 2006; Shel-
don et al. 2008), and current research examining alternative
approaches for hearing-aid users are ongoing (e.g., Ferguson
& Henshaw 2015a, b).

Intraindividual differences in working memory may offer a
new outcome domain in audiologic rehabilitation. A goal for
audiologic intervention would be to reduce the auditory pro-
cessing demands involved in speech understanding so that
fewer working memory resources are allocated to listening,
thereby preserving more working memory capacity for stor-
ing the information that has been heard or for using for more
elaborate processing. Therefore, working memory span could
be assessed before and after an auditory intervention to deter-
mine how effective the intervention was in reducing the sensory
processing load during speech understanding.

In conclusion, the WARRM was designed to fill a gap by
providing a clinically feasible, auditory working memory mea-
sure that could be used by clinicians to plan and evaluate audio-
logic rehabilitation. Before implementation, further research is
needed to establish the psychometric properties of the measure,
including the test-retest reliability, and to develop normative
data for the measure. The results of the WARRM from patient
populations that differed in various demographic characteristics
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should be explored further to assess the generalizability of the
measure. The use of the WARRM as a tool to examine intraindi-
vidual differences in working memory under different listening
conditions, such as comparing aided and unaided conditions,
or presenting the WARRM in quiet compared with noisy con-
ditions, also should be evaluated. In addition, future research
should establish an evidence base for the clinical utility of the
unaided WARRM in terms of determining candidacy for hear-
ing aid processing options and for planning and evaluating other
rehabilitation interventions.
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