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Abstract

Impairments of short-term and working memory (STM, WM), both verbal and non-verbal, are
ubiquitous in aphasia. Increasing interest in assessing STM and WM in aphasia research and
clinical practice as well as a growing evidence base of STM/WM treatments for aphasia warrant
an understanding of the range of standardised STM/WM measures that have been utilised in
aphasia. To date, however, no previous systematic review has focused on aphasia. Accordingly, the
goals of this systematic review were: (1) to identify standardised tests of STM and WM utilised in
the aphasia literature, (2) to evaluate critically the psychometric strength of these tests, and (3) to
appraise critically the quality of the investigations utilising these tests. Results revealed that a very
limited number of standardised tests, in the verbal and non-verbal domains, had robust
psychometric properties. Standardisation samples to elicit normative data were often small, and
most measures exhibited poor validity and reliability properties. Studies using these tests
inconsistently documented demographic and aphasia variables essential to interpreting STM/WM
test outcomes. In light of these findings, recommendations are provided to foster, in the future,
consistency across aphasia studies and confidence in STM/WM tests as assessment and treatment
outcome measures.
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Introduction

The presence of short-term and working memory impairments in aphasia is ubiquitous
(Martin & Gupta, 2004; Murray, 2012a; Schuell, Jenkins, & Jimenez-Pabon, 1964). Short-
term memory (STM) involves storage of information for a brief period of time, usually a few
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seconds, in a relatively unprocessed state (Baddeley, 2012; Cowan, 2010). This information
could be auditory or visual and, within each of these modalities, verbal or non-verbal. When
information, while being temporarily stored, is mentally manipulated to achieve a particular
goal or plan, the manipulation is attributed to working memory (WM). Both STM and WM
are considered capacity-limited systems indicating that a limited amount of information can
be retained for a finite period of time (Cowan, 2010; Logie, 2011). A distinctive feature of
STM is that of recall or recognition of information (often serially) in a relatively
unprocessed state, whereas the emphasis in WM is deliberate manipulation, which draws on
processes related to attention and goal execution. Therefore, assessments designed to
measure STM and WM share some features (e.g., temporary maintenance of information);
WM tests, however, include additional task demands such as updating or manipulating the
information while it is being briefly retained.

To determine whether or not the integrity of STM and WM following brain damage is within
normal limits, there is a need to rely on measurement instruments (or tests) that would help
ascertain the presence and severity of the impairment, be it STM and/or WM, for
rehabilitation planning, advising patients and caregivers, as well as documenting treatment
outcomes. However, a construct can be measured with a range of tests, each placing different
demands on STM and WM and bringing its own perspective on the nature of the impairment
and its behavioural manifestation, the so-called mono-method bias (Coolican, 2014). The
related issue of task impurity is also relevant because each task that measures an allegedly
specific construct would rely upon a range of related or unrelated corollaries (cf., Miyake &
Friedman, 2012). For example, in the context of aphasia, WM tests are inherently complex
in terms of understanding task demands, and rely on understanding verbal instructions and
examples. Consequently, it is especially important that the validity and reliability of STM
and WM tests be of the highest quality. Indeed, a test with a higher quality in terms of
psychometric properties would be associated with greater clinical confidence for accurate
evaluation.

This review aims to identify and appraise standardised tests of STM and WM used in peer-
reviewed studies of aphasia resulting from acquired and non-progressive neurological
conditions affecting the language dominant hemisphere. We define aphasia as a range of
impairments that affect a person’s ability to produce and often understand linguistic units,
that is, words, sentences, or discourse (Edwards, Salis, & Meteyard, 2015; Murray & Clark,
2015). In contrast to a circumscribed language problem related to a relatively isolated
linguistic or perceptual issue (e.g., pure alexia; pure word deafness), aphasia is a complex
disorder, with the majority of individuals with aphasia displaying a combination of spoken
and written language production and comprehension symptoms. To our knowledge, this is
the first systematic review of studies of aphasia involving standardised STM and WM tests.

Both verbal and non-verbal STM/WM deficits in auditory and visual modalities may co-
occur in aphasia (e.g., De Renzi & Nichelli, 1975; Lang & Quitz, 2012). Such STM/WM
deficits have been evoked as contributory and sometimes explanatory constructs in relation
to several language abilities in aphasia. These range from broader language variables, such
as aphasia severity (Crocket, Clark, Spreen, & Klonoff, 1981), potential for aphasia recovery
(Senidw, Litwin, & Lesniak, 2009), and prognosis for linguistic treatments (Harnish &
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Lundine, 2015), to more discrete linguistic levels, such as lexical processing (Martin &
Ayala, 2004), aspects of sentence processing, as well as spoken and written discourse
comprehension (Caspari, Parkinson, LaPointe, & Katz, 1998; Leff et al., 2009; Lehman &
Tompkins, 1998; Martin & Allen, 2008; Sung et al., 2009). Furthermore, Sulleman and Kim
(2015) have recently argued that WM limitations may negatively affect the ability of people
with aphasia to make well-informed decisions about aspects of their rehabilitation. The
clinical implication suggested by these studies, albeit not always explicitly, is that STM/WM
abilities, both verbal and non-verbal, need to be assessed and, consequently, incorporated
into the clinical decision making process to understand a person’s difficulties and strengths.
Finally, a recent trend in the experimental rehabilitation literature has been the development
and examination of STM and WM treatment protocols not only to remediate memory
impairments but also concurrently to improve language and, in some cases, psychosocial
functioning (see reviews by Murray, 2012a; Salis, Kelly, & Code, 2015). If such treatments
are to be replicated, refined, and ultimately implemented in clinical practice, there would be
a need for psychometrically sound STM/WM measurement instruments to establish a
diagnosis, explicate the nature and severity of the impairments, implement and monitor
treatment, and measure the outcome (Turkstra, Coelho, & Ylvisaker, 2005; de Vet, Terwee,
Mokkink, & Knol, 2011).

Nonetheless, several issues augur investigation of the tests used to qualify and quantify
STM/WM abilities in people with aphasia (Mayer & Murray, 2012; Wright & Fergadiotis,
2012). A plethora of STM/WM measures, both standardised and experimental, have been
utilised in the empirical aphasia literature, in part a reflection of the different theoretical
conceptualisations and the multidimensional nature of these memory constructs. However,
such diversity in measures poses challenges. First, it confounds resolving discrepant findings
regarding the presence and/or strength of relationship between these memory skills and
specific linguistic processes (e.g., Martin, 2009 vs. Majerus, Attout, Artielle, & Van der Kaa,
2015). Second, it muddles the search for appropriate STM/WM assessment tools by both
researchers and clinicians. Third, it remains challenging to find research documenting the
extent to which standardised tests and experimental tasks represent valid and reliable
measures of STM/WM in the aphasic population. Such research is essential when using
STM/WM measures to prognosticate and/or evaluate aphasia treatment outcomes. Another
challenge, particularly pertinent in evaluating auditory-verbal STM and WM in aphasia, is
that the response modality of many STM and WM tests involves the very same modalities
that are impaired in aphasia. For example, repetition and word retrieval difficulties are
impaired in aphasia and may confound STM and WM measurement, which often draws
upon repetition and word retrieval (cf., Howard & Franklin, 1990). Likewise, motor speech
skills can also be impaired (i.e., apraxia of speech, dysarthria), even in cases of mild aphasia
(Basilakos, Rorden, Bonilha, Moser, & Fridriksson, 2015; Bose & van Lieshout, 2008). It is
also of interest to examine whether recent advances in cognitive testing (e.g., computerised
test delivery) have been incorporated into the evaluation of STM and WM abilities in
individuals with aphasia.

Consequently, the applied goal of the present systematic review is to put forward
recommendations for clinicians, researchers, and other stakeholders regarding the suitability
of tests when identifying or monitoring STM/WM, both verbal and non-verbal, in
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individuals with aphasia. To our knowledge, such a comprehensive analysis of tests has not
been attempted previously. Specific aims of the present review are as follows:

1.

To identify standardised tests of STM and WM (verbal and non-verbal) utilised
in the adult, acquired, non-progressive aphasia literature from 2000 to 2015. We
focused on standardised tests as opposed to experimental tasks because the
former category is likely to have more robust psychometric properties and wider
availability, and thus more suitable appeal to evidence-based clinical practice.
The time period reflects our goal to offer the most current assessment
recommendations, and thus identify tests based on contemporary conceptions of
STM/WM with recently documented normative data and a recently established
evidence base.

To evaluate critically the psychometric strength of these tests. This aim is
embedded in key principles of evidence-based practice in that tests with stronger
psychometric profiles would be preferable to those with weaker profiles
(Greenhalgh, 2014). This critical appraisal is also essential to identifying tests
worthy of recommendation for future use in research and clinical practice.

To evaluate critically the quality of the investigations utilising these tests. In a
similar vein to evidence-based practice, ceteris paribus, if a study has utilised
tests with stronger psychometric properties, its findings would be more robust.
Likewise, if an investigation in which a test was developed and/or utilised has a
strong study design and reporting features, its findings would be more robust. In
contrast, when an investigation is poorly designed and lacks methodological
detail, it cannot be replicated and such procedural issues confound confident
interpretation and future application of the test results and study outcomes.
Recommendations regarding STM and WM tests suitable for individuals with
aphasia, therefore, should be developed in consideration of not only what tests
have been used in the aphasia literature, but also the quality of studies using such
tests.

Procedures adhered to previously established methods for performing and describing
systematic reviews (Khan, Kunz, Kleijnen, & Antes, 2003; Moher, Liberati, Tetzlaff,
Altman, & The PRISMA Group, 2009; Schlosser, Wendt, & Sigafoos, 2007). This included
developing beforehand our systematic review protocol for the literature search, including
eligibility criteria and methods to gather and assess the quality of the data of interest.

Search strategy

A comprehensive list of previously established search terms was developed and
operationalised into three subcategories: construct related, population related and topic
related (see Table 1). Using the terms in Table 1, the following electronic databases were
searched: Cumulative Index to Nursing and Allied Health (CINAHL), Linguistics and
Language Behaviour Abstracts (LLBA), Medline, and PsychINFO. Search terms within a
subcategory were combined with the operator “OR” and across subcategories with the
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operator “AND” to derive a final list of citations. In addition, the on-line search functions of
Science Direct and Taylor & Francis were also searched through the advanced search option
using a simpler, two-step search strategy with the following terms: “short-term memory”
AND “aphasia”, “working memory” AND *“aphasia”. The final list of citations from all
databases and Science Direct was exported into EndNote™ reference management software,
which removed duplicate citations. A subsequent hand search of the eligible citations
removed further duplicate papers that EndNote™ did not identify. These digital searches
were supplemented by searching other sources. These were as follows: (1) a hand search of
all papers published in the journal Aphasiology was also carried out to identify relevant
papers; (2) a search of reference lists in STM/WM review papers that appeared in a special
issue of Aphasiology on short-term memory and aphasia (Murray, 2012a); (3) for
commercial tests the websites of Pearson and Psychology Press were reviewed; and, (4)
contacting authors for difficult to obtain studies (i.e., Rey Complex Figure Test, version by
Meyers & Meyers, 1995) or additional information about tests (i.e., Friedmann & Gvion,
2002). Duplicate citations that had been generated from the electronic searches were noted
and excluded. In all searches, the timescale was from January 2000 until 15 April 2015.

Inclusion and exclusion criteria

To be included in the review, a study had to meet the following inclusion criteria:

1 Study participants included adults (i.e., 18 years or older) with non-progressive,
acquired aphasia due to any aetiology (e.g., stroke, traumatic brain injury,
tumour, infection); we did not apply restrictions of aetiology although we were
mindful that in some aetiologies, particularly traumatic brain injury and
communication disorders associated with right hemisphere damage, the term
aphasia per se may used (e.g., Myers, 2001; Sarno, 1980). Unless the term
aphasia was used to identify participants, such studies were not included.

2. When mixed participant groups were utilised (e.g., participants with and without
aphasia within an acquired brain injury group), it was possible to identify the
STM/WM assessment outcomes for the participants with aphasia (separate from
those participants without aphasia).

3. STM and/or WM were assessed via a standardised test with norms clearly
identified and/or referenced in the study; in this review, a standardised test was
defined as a test with clearly defined procedures for administration and scoring
that includes norms with reference to scores from a normative sample (Anastasi
& Urbina, 2009; Turkstra et al., 2005). In addition, the duration of the
information (either auditory or visual) that had to be retained or manipulated by
participants following exposure of stimuli should not exceed 30 seconds
(Peterson & Peterson, 1959).

4, The study was peer-reviewed or was a non-peer reviewed standardised test
manual.

5. The study or test manual was published in English.
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Studies were excluded if they did not meet one or more of the above criteria, did not include
original data (e.g., meta-analysis, review paper), and/or were unpublished dissertations or
conference presentations. Studies were also excluded if they used STM or WM experimental
tasks but failed to provide the stimuli and/or a description of the standardisation process,
either within the same study and/or a citation for such information. Finally, we excluded
studies in which it was clear that the participants with aphasia had been duplicated (i.e., the
same participants with aphasia were included in more than one study). In such cases, studies
that included the largest number of participants with relevant measures were included,
whereas studies that reported subsets of such participants were excluded. This decision is
reflected in Figure 1. The purpose of this final exclusionary procedure was to maintain
accuracy about the number and breadth of participants with aphasia involved in the literature
base pertaining to STM/WM assessment.

Screening and eligibility

After removing duplicates, study titles and abstracts from the searches were screened against
the eligibility criteria. In cases in which neither the title nor abstract indicated eligibility, the
full text was screened, recording the reasons if these studies were subsequently excluded.
Although all authors participated in screening studies for inclusion, the involvement of each
author varied at different points in the screening and eligibility process. To ensure inclusion
of studies, any queries regarding the eligibility of individual papers were addressed by
consulting at least one additional independent rater from the research team. Any
disagreements were discussed and resolved jointly. Additionally, two authors (CS and LM)
independently screened a randomly selected sample of 100 studies; inter-rater agreement
was 93%, with discrepancies resolved via discussion.

Data extraction

For each study meeting all eligibility criteria, data pertaining to the following were
extracted: (1) study aims/objectives; (2) participant sample information including sample
size, presence and type of comorbid conditions (e.g., hearing/vision screening; hemiparesis),
age, education, gender, native language, aetiology, and aphasia type and severity profiles; (3)
assessment setting (e.g., location at which testing took place, qualifications of assessor); and
(4) STM/WM test(s) information, including the test name, which aspects of STM/WM were
assessed (e.g., visual STM), type of test scores recorded (e.g., raw, scaled), and
psychometric characteristics (e.g., inter- and intra-rater reliability, test construct validity).
Data relating to other cognitive deficits (i.e., beyond aphasia and STM/WM abilities) were
also gathered, but because of the inconsistency of these data across studies, this information
is not reported. As in the screening and eligibility stage, all authors participated in data
extraction of included studies, although the amount of involvement of each author varied at
different points.

Quality appraisal

Each study that underwent data extraction was evaluated for quality using an assessment tool
adapted from the Guidance for Undertaking Reviews in Healthcare (Centre for Reviews and
Dissemination, 2008), systematic review guidelines proposed by Khan et al. (2003), and
checklists from the STARD (Bossuyt et al., 2003) and COSMIN (Mokkink et al., 2009,
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2010) (see Appendix 1). An adapted rating tool was necessary given that existing quality
appraisal scales were not suitable for the variety of study designs and/or participant sample
characteristics and issues encountered in the aphasia literature. Our adapted tool appraised
study quality in terms of five categories: study design, control for confounding factors,
specification of aphasia and assessment variables, and STM/WM test score(s) interpretation.
Ratings of high, moderate, or low were assigned for each quality category as well as the
study as a whole. For a given study to receive an overall high quality rating, four of the five
categories had to achieve a high rating with no category receiving a low rating; a study with
an overall moderate rating could also not have any category receiving a low rating. Two
authors (LM and JD) completed the study quality ratings. Inter-rater agreement was
examined for 31 papers (out of 73 extracted papers; see Figure 1), and yielded 83%
agreement across all items, with 99% agreement for each paper’s overall quality rating. All
discrepant ratings were resolved via discussion.

In studies in which a standardised STM/WM test(s) was only used to characterise the
aphasia participant sample (versus examine the STM/WM test for use with the aphasia
population), the test manual or reference paper cited within the given study was reviewed to
identify the test’s psychometric properties. Only the provided reference was analysed to
describe and appraise psychometric strengths and weaknesses of the test as this was seen as
the original source by the study authors. Different data extraction forms were developed for
these test papers and manuals which included items on the following: (1) normative sample
variables including whether or not adults with acquired, non-progressive aphasia were
included in the test’s standardisation process and the appropriateness of the standardisation
sample (e.g., age and education appropriate) given the aphasic participant(s) characteristics
in the eligible paper which cited the test; (2) test administration characteristics (e.g.,
information on the assessment environment); (3) validity (i.e., construct, content/face,
criterion-related, and discriminant validity); (4) reliability (i.e., test-retest, split-half/internal
consistency, and inter-rater); and (5) measurement error.

Each STM/WM test utilised in the set of included studies was also appraised to rate the
quality of its psychometric properties. Currently, however, there is no widely used existing
“gold standard” for assessing STM/WM in aphasia (cf., DeDe et al., 2014). Accordingly, an
appraisal tool (see Appendix 2) was developed by adapting the COSMIN checklist, which
has empirical support of its reliability (Mokkink et al., 2010) and validity (Mokkink et al.,
2009), in concert with the criteria for test reliability and validity established by the Agency
for Healthcare Research and Quality Evidence-Based Practice Program (Biddle et al., 2002).
These criteria have been previously used by the Academy of Neurological Communication
Disorders and Sciences to develop practice guidelines (e.g., Turkstra et al., 2005). As an
example of how the COSMIN checklist was adapted, given that most STM/WM measures
are subtests within a test battery (e.g., Digit Span of the Wechsler Memory Scale—Revised;
Wechsler, 1987), COSMIN checklist items pertaining to internal consistency across test
(sub)scales were not applicable and, thus, not included in our appraisal tool. Two authors
(CS and JD) completed the quality ratings of the STM/WM tests. Inter-rater agreement was
examined for 57.5% of the tests (i.e., 19 of 33 STM/WM tests). There was 94% agreement
across all rated items, with 100% agreement for each test’s overall quality rating. Discussion
was utilised to resolve any discrepant ratings.
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Final study selection

Results

Given the large number of studies that underwent data extraction, a post-hoc decision was
made to categorise eligible studies into either (1) those in which the study purpose directly
related to describing, assessing, or treating STM/WM abilities in aphasia, or (2) those in
which STM/WM assessment was ancillary to the study purpose (e.g., the study focus was a
word retrieval intervention and STM/WM assessment was completed as part of a
comprehensive assessment of aphasic participants).

Primary reasons for study exclusion were: (1) the study listed aphasia as an exclusionary
criterion; (2) there was no specification that acquired brain injury participants had aphasia
(this was a particularly common basis for excluding traumatic brain injury sequelae or
treatment studies); (3) when individuals with aphasia were included, their STM/WM test
results were not separated from those of the individuals without aphasia (this was a
particularly common basis for excluding stroke sequelae or treatment studies); (4) no
standardised STM/WM test was used; and (5) the citations provided for standardised tests
were wrong.

The search results across databases and other searches are shown in Figure 1, together with
the results from the screening and eligibility processes as well as the post-hoc final study
selection. Of the 7299 studies screened, only 73 were deemed eligible. The 36 studies that
became the main focus of the review are shown in Table 2. On the basis of these studies, the
STM/WM tests that were used within them were critically appraised and are shown in
Tables 3-8. The studies that used STM/WM tests but the main purpose of these studies was
not STM/WM are shown in Table 3. These studies will not be discussed further.

Participants in the final set of eligible studies

There were 898 participants with aphasia (Table 2). In terms of aphasia characteristics,
neither aphasia type nor severity was consistently reported (e.g., Allen, Martin, & Martin,
2012; Lang & Quitz, 2012). For instance, severity of aphasia was specified in only 16 (of 36,
or 44%) studies. When aphasia type was noted, a variety of aphasia classification systems
was used: Some studies more broadly only noted whether participants had fluent versus
nonfluent aphasia (e.g., Carragher, Sage, & Conroy, 2013), whereas other studies used a
more complex system such as the Boston classification system (e.g., DeDe et al., 2014).
Participants with anomic aphasia (144) and/or a mild severity of aphasia (73) were the most
common when authors reported these variables. In contrast, among studies specifying
aphasia type and/or severity, individuals with Wernicke’s (38) or severe aphasia (13) were
under-represented in the participant samples compared to the other aphasia types and
severities, respectively. Across studies, participants with aphasia representing a range of
education levels and ages were included. In several studies, however, education level
information was either not provided (e.g., Galling et al., 2014; Sinotte & Coelho, 2007) or
described in general terms (e.g., Lang & Quitz, 2012 who described education level in terms
of less or more than nine years of formal education). Additionally, across studies, there were
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relatively few participants with aphasia over the age of 70 compared to those younger than
age 70.

Standardised STM/WM tests used in final set of eligible studies

The auditory-verbal STM tests and WM tests utilised in the final set of extracted studies are
displayed in Tables 6 and 7, respectively; Table 8 provides a summary of the visuo-spatial
STM and WM tests used. Quality appraisal ratings of these tests are displayed in Tables 9-
11.

Auditory-verbal STM tests—Review of Table 6 indicates that across studies, serial recall
was the most frequently used task to assess auditory-verbal STM. Digit Spanl, albeit from
several different standardised tests and administered in a number of different languages,
appeared the most popular auditory-verbal STM task being used with 272 (out of 898) or
30.2% of the participants with aphasia. The second most popular test was the Immediate
Free Recall condition of the Rey Auditory Verbal Learning Test (RAVLT; Rey, 1964), which
had been used with 34 (out of 898) or 3.7% participants with aphasia, albeit in only one
study. The least popular test, used with only one participant with aphasia, was the Revised
Token Test (RTT; McNeil & Prescott, 1978). Among the 20 different tests (or subtests of
larger batteries) listed in Table 6, 17 emphasise serial recall (either forward or backward) or
recognition. In contrast, only two tests focus on free recall? (RAVLT; Word Span Probe test
of Friedmann & Gvion, 2002). In terms of the response demands, the majority of auditory-
verbal STM tests (12 out of 20) require spoken output; instead of a spoken response, in the
remaining eight tests, examinees indicate recalled information via either a pointing response
or a recognition judgement (e.g., yes/no response).

Auditory-verbal and visual-verbal WM tests—Compared to the number of auditory-
verbal STM tests just reviewed, fewer auditory-verbal working memory tests (i.e., six) were
used within the eligible studies (Table 7). Complex span measures (i.e., Listening Span tests,
Eye Movement WM task), which place demands on the shifting component of WM
(Miyake, Friedman, Emerson, Witzki, & Howerter, 2000), were most common, being
administered to 156 (out of 898, 17.3%) of the participants with aphasia. The other less
frequently used tests (i.e., TEA subtests, /-back of DeDe et al., 2014) place greater demands
on updating functions within WM (Morris & Jones, 1990); these tests had been administered
to only 88 (out of 898; 9.7%) of the participants with aphasia. There was an even
representation of auditory-verbal WM tests requiring a spoken response versus a response in
another modality (i.e., pointing or eye gaze).

Visuo-spatial STM and WM tests—In contrast to the great variety of tests used to
measure auditory-verbal and visual-verbal STM or WM abilities, only a limited number of
visuo-spatial STM and WM tests were identified in the literature; accordingly, both visuo-

1The combination of the two versions of the Digit Span (forward and backward recall) in Table 6 and visuo-spatial correlates in Table
8 (e.g., forward and backward WMS-R visuo-spatial span subtests), does not imply that the two versions reflect similar processes.
Although backward recall is often regarded as a WM (as opposed to an STM) task, it does differ from the other WM tasks we came
across in terms of its complexity. Serial recall is not an explicit feature of WM tasks. Furthermore, we did not encounter separate
exploration or description of the psychometric properties of standardised forward versus backward recall subtests.

Only a limited number of RTT subtests are non-serial tasks.
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spatial STM and WM test findings are described here and collapsed into Table 8. As in
assessment of auditory-verbal STM, serial recall tasks were the most popular for evaluating
visuo-spatial STM abilities. That is, of the nine different tests (or subtests from larger test
batteries), five were used to measure visuo-spatial span or serial recall. With 365 (out of 898;
40.6%) of the participants with aphasia completing a visuo-spatial span test, such tests
represent the most frequently used STM measure among the eligible studies. In contrast,
immediate recall of complex designs was rarely used to evaluate visuo-spatial STM, with
administration to only 1 (out of 898) participant with aphasia. The TEA Visual Elevator was
the only standardised visuo-spatial test encountered among the eligible studies to place
substantial demands on shifting and updating components of WM. The most frequent mode
of response among the visuo-spatial STM and WM tests was pointing. The WMS-R Visual
Reproduction subtest requires a drawing response and the TEA Visual Elevator subtest
requires a spoken response (i.e., counting).

Quality appraisal of standardised STM/WM tests—Each standardised STM/WM test
encountered in the eligible studies (except for tests with psychometric data published in
unobtainable manuals or studies) was evaluated in terms of its psychometric properties (see
Appendix 2 for the test appraisal tool). Quality ratings for the auditory-verbal STM tests are
displayed in Table 9. In terms of validity, every auditory-verbal STM test except for the RTT
appropriately documented discriminant validity. Across these tests, however, other types of
validity were either not reported or received fair or poor ratings. Only five of the 16
auditory-verbal STM tests received an excellent rating for construct validity, and only the
WAIS-I1I Digit Span received an excellent rating for content/face validity. Concurrent
validity was rated as poor in 13 tests, with the remaining three receiving a fair rating. The
tests fared poorly in terms of all types of reliability examined, with no excellent ratings.
Only three tests were rated as having fair test-retest reliability, whereas only the WMS-R
Digit Span received a fair rating for split-half reliability.

As Table 10 shows, there were issues with the psychometric characteristics of the auditory-
verbal WM tests. Among the nine tests, seven received an excellent rating for their construct
validity. Among the other types of validity, however, the only excellent rating was for the
concurrent validity of the English version of the Eye Movement WM Span test (Ivanova &
Hallowell, 2014). Only the Listening Span task of Tompkins et al. (1994) provided evidence
of predictive validity. Discriminant validity was documented in six (out of nine) of these
tests. All types of reliability and measurement error were either rated as poor or not reported.

Appraisal of the STM and WM visuo-spatial tests indicated that each had excellent construct
validity (see Table 11). Other types of validity received less positive ratings, with only the
WMS-II1 visual tapping test receiving an excellent rating for content/face validity and only
the Block Tapping of Kessels et al. (2008) receiving an excellent rating for concurrent
validity. Both predictive and discriminant validity were reported inconsistently across the
eight visuo-spatial STM tests that were quality appraised: three provided evidence of
predictive validity and six provided evidence of discriminant validity. In terms of reliability,
the only excellent ratings were for the test-retest reliability of the WMS-R visual
reproduction test and the split-half reliability of the WMS-R visual tapping test. The WMS-
I11 visual tapping test received a fair rating for its test-retest and split-half reliability and also
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was the only test to include inter-rater reliability information. All other reliability quality
ratings were poor. Measurement error was rated as poor except for the WMS-R and WMS-
I11 visual tapping tests and the WMS-R visual reproduction test, all of which received an
excellent rating.

Quality appraisal of final set of eligible studies—Table 12 lists the quality ratings
for each of the 36 studies in the areas of design, control for confounds, aphasia variables,
assessment variables, STM/WM score interpretation, and overall study quality. The majority
of studies received a high quality rating in the areas of design (23/36) and STM/WM score
interpretation (25/36). Of concern were the majority of low quality ratings in the area of
assessment variables (24/36), with only a few studies stating in what environment
participants were evaluated and/or who administered the test(s) and their professional
qualifications. Few studies received a high quality rating in the area of control for confounds
(7/36), with more than half of the studies (20/36) failing to indicate whether the effects of
age and education on test performance were controlled or considered (i.e., a low rating).
Accordingly, keeping in mind that a low quality rating in any category resulted in a low
overall study quality rating, only three studies (Chiou & Kennedy, 2009; Fucetola et al.,
2009; Ivanova & Hallowell, 2014) received a high overall study quality rating, and three
studies (DeDe et al., 2014; Kalbe et al., 2005; Meteyard et al., 2015) received a moderate
overall study quality rating.

Discussion

The purpose of this systematic review was to comprehensively analyse standardised tests of
STM and WM, both verbal and non-verbal, used in the contemporary aphasia literature. Our
review involved not only identifying STM and WM tests, but also critically appraising both
the psychometric properties of these tests as well as the quality of the aphasia investigations
in which the tests were used. Overall, although a wide variety of standardised tests have
been used to characterise STM and WM in individuals with aphasia, those that measure
serial recall appeared most common, and substantial issues with respect to the psychometric
strength of the STM/WM tests as well as the quality of studies were identified. Below is a
more detailed discussion of the quality appraisal. This is followed with recommendations for
improving assessment of STM and WM in aphasia, in both research and clinical practice.

Standardised STM and WM tests

Quality appraisal of auditory-verbal STM tests—Auditory-verbal STM tests were
the most popular. Within this broad category, the most popular task was Digit Span that
required spoken recall. It was used with 272 persons with aphasia across 15 different studies.
Such popularity may reflect that, historically, Digit Span, as a measure of STM ability, was
one of the very first to be included in intelligence testing scales, dating back to the late 19th
century (Richardson, 2007). Since the late 1930s, it has been incorporated into the test
batteries of Wechsler and is still present in their recent versions. Digit Span has also had a
long history of use in aphasiology (Eling, 2015; Schuell et al., 1964). Indeed, the Digit Span
subtest of the Wechsler batteries was the most popular version in the current systematic
review compared to other, more recent, versions (CAT; Computerised Neurocognitive Test).
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The four versions of Digit Span with documentation available for our quality appraisal were
rated as having excellent construct validity and all had documentation of predictive and
discriminant validity (Table 9). However, a mixed profile of quality was found for other
aspects of validity and for reliability. For example, content/face validity was deemed
excellent only in the WAIS-111 while poor in the other three versions (CAT, WAIS-R, WMS-
R). Measurement error was poor only in the CAT. The relatively low levels of test-retest
reliability for Digit Span have been known for some time, making it customary to combine
scores from its forward and backward recall versions to improve reliability (Richardson,
2007). There is evidence to suggest that reliability coefficients improve when scores from
different tasks that relate to a particular psychometric property are combined (DeDe et al.,
2014; Swinburn et al., 2004; Waters & Caplan, 2003). For example, Waters and Caplan
(2003) showed that in non-brain-damaged adults (younger and older), test-retest reliability
was acceptable (=.70) when individual memory test scores were combined.

One study (Caza et al., 2002) used versions of Digit Span with old normative data based on
1957 and 1969 editions of the Wechsler tests. The so-called Flynn effect refers to the
increment of 1Q scores as time progresses (Flynn, 1984, 2009). Accordingly, older
normative data as reference points may jeopardise discriminant and predictive validity. The
Flynn effect has been evident in Digit Span data (Wicherts et al., 2004) and could also
operate in other STM and WM tests that use historical normative data. Loring and Bauer
(2010) noted that what makes a test outdated is not necessarily the publication of a more
recent version of it, but rather empirical evidence the new edition is more valid and reliable,
always with reference to the clinical population for which the test is intended. To our
knowledge, such empirical research for clinical use of Digit Span (not only the Wechsler but
also other versions) with persons with aphasia, does not exist.

There were two additional versions of Digit Span that did not require speech production: the
pointing and matching span versions of the FriGvi (Friedmann & Gvion, 2002), a test
developed in Israel for speakers of Hebrew. Both tests had fair construct validity and did
display discriminant validity in differentiating STM performance in people with aphasia.
However, both tests were poor in other aspects of validity, reliability, and measurement error.
We should note that unlike some Digit Span tests requiring spoken recall (Wechsler versions,
CAT), which present only two trials per span length, the FriGvi pointing version presents
five trials per list length. As Woods et al. (2011) noted, the two trial paradigm assumes that a
person’s true maximum length span can be assessed by only four list presentations: two at
the maximum length and two above. However, this method may seriously underestimate the
maximum length of persons who are distracted or encounter idiosyncratically difficult digit
strings (e.g., permutations of their telephone area code) at a particular length.

Relying on Digit Span for assessing auditory-verbal STM in aphasia presents with other
possible limitations. Numerical skills are often impaired in aphasia, so interpretation of Digit
Span performance on its own may not truly reveal the integrity or decrement of STM (DeDe
et al., 2014). Furthermore, in aphasia, STM has been found to be sensitive to the lexical
processing characteristics of the words within the STM test (e. g., lexicality, frequency)

(e.g., Howard & Nickels, 2005; Martin & Ayala, 2004; Martin, Saffran, & Dell, 1996). For
example, because the lexical frequency of digits is high in comparison to other words
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(Martin, Lesch, & Bartha, 1999), relying only on digits to evaluate STM may yield
inaccurate results.

Only the non-word span and the probe word span of the FriGvi (Friedmann & Gvion, 2002)
explicitly assess the influence of lexical variables in STM. Both tests were used in two
studies, with a total of 17 participants with aphasia completing each test. Knowing if
lexicality and other lexical variables influence STM has diagnostic and treatment
implications. Studies have shown that the nature of auditory-verbal STM deficits in aphasia
can vary along the phonological-semantic dichotomy and in some individuals can be
differentially spared or impaired (e.g., Martin & Allen, 2008; Martin & Ayala, 2004).

Only two tests did not tap into serial aspects of STM, the immediate condition of the Rey
Auditory Verbal Learning Test (RAVLT; Rey, 1964) and the probe word span of the FriGvi.
The ability to process language effectively relies heavily on the ability to process
information serially, and this may explain the popularity of serial STM tests. Regarding the
RAVLT, we only included studies that reported results for the immediate recall condition,
which assesses STM. Subsequent recall conditions rely on long-term memory. We were
unable to obtain the 1964 version of the RAVLT used by Vukovic et al. (2008), so are not in
a position to appraise it. Whereas we are not aware of studies on the Flynn effect in relation
to the RAVLT, Baxendale (2010) found that among healthy adults from the UK, verbal
learning ability as measured by a test similar to the RAVLT was relatively stable across time
with no significant differences between the scores in the majority of age ranges, apart from
the 31-45 years age group. However, it should also be noted that VVukovic et al. (2008)
administered the RAVLT in Serbian and used the test materials but not the norms.

Quality appraisal of auditory-verbal and visual-verbal WM tests—Compared to
auditory-verbal STM, a more limited number of standardised tests have been used to
evaluate auditory-verbal or visual-verbal WM in individuals with aphasia (Table 7). Half of
these WM tests were complex span tasks (Eye Movement WM task, Listening Span by
spoken recall or written recognition), which place heavy demands on the WM
submechanisms of rehearsal and shifting; the other half (i.e., TEA Elevator Counting with
Distraction and with Reversal, /-back) evaluate WM more in terms of its monitoring and
updating submechanisms (Conway et al., 2005; Kearney-Ramos et al., 2014; Salis et al.,
2015; Wright & Fergadiotis, 2012). The complex span tasks were more popular in that they
were used in a larger number of studies and with a larger number of participants with
aphasia.

The auditory-verbal and visual-verbal WM tests also varied in terms of whether they did
(e.g., Elevator Counting with Reversal) or did not require a verbal response (e.g., /-back).
Within the group of tests not involving a verbal response, a variety of nonverbal response
modalities was used (i.e., pointing, computer key press, eye movement). Regardless of
response modality, the complex span tasks had greater language demands (i.e., all required
sentence processing) compared to the updating tasks. In fact, Tompkins et al. (1994) warned
that their complex listening span test was likely unsuitable for individuals with severe
aphasia.
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Research in healthy as well as other patient populations indicates cognitive demand
differences between complex span versus updating WM tests (e.g., Jaeggi, Buschkuehl,
Perrig, & Meier, 2010; Kane, Conway, Hambrick, & Engle, 2007), which in turn may lead
examinees to use different strategies when completing such tests (Logie, 2011). Despite
these findings, both types of tasks were used in only three studies (i.e., DeDe et al., 2014;
Mayer & Murray, 2002, 2012b). Whereas debate persists concerning the theoretical
architecture of WM, multidimensionality is a common feature (Logie, 2011; Wright &
Fergadiotis, 2012), thus suggesting that a test examining a limited set of WM
submechanisms may not fully characterise WM abilities. Consequently, as we and others
(Conway et al., 2005; DeDe et al., 2014) have noted, until a more comprehensive verbal
WM measure is developed, the practice of utilising just one test to characterise WM abilities
should be avoided.

Quality appraisal findings further supported the conclusion that reliance on only one
auditory-verbal or visual-verbal WM test is inadequate. Despite an excellent rating for
construct validity across most of the verbal WM tests used in the eligible studies (Table 10),
ratings for other aspects of validity indicated substantial problems. For example, all of the
tests received poor ratings for content/face validity, and only one test (Listening Span of
Tompkins et al., 1994) had evidence of predictive validity. Reliability and measurement error
were uniformly problematic for all of these WM tests. The most common issues leading to
less desirable quality ratings included insufficient description of procedures used to examine
validity or reliability (e.g., stating a correlation was calculated, but not specifying if it was an
intra-class, Pearson, or Spearman), failure to include information regarding certain
psychometric properties (e.g., split-half reliability and measurement error were rarely
mentioned), and restricted sample sizes (which compromise certain aspects of reliability).
Thus, although complex span tests were found to be used more frequently in the aphasia
literature, there does not appear to be a psychometric rationale for their popularity compared
to the other types of WM measures (i.e., /+back; TEA subtests). More generally, as previous
authors have noted (Salis et al., 2015; Wright & Fergadiotis, 2012), currently available
auditory-verbal and visual-verbal WM tests require further empirical development (e.g.,
modifications to support performance of those with severe language difficulties) and
evaluation to determine if their use with individuals with aphasia can yield psychometrically
sound data.

Quality appraisal of visuo-spatial STM and WM tests—Visuo-spatial span tests
were the most popular type of test for assessing visuo-spatial STM and WM, with a total of
365 aphasic participants tested, and half of the eligible studies including one or more visuo-
spatial STM or WM test (Table 8). Such popularity in the aphasia literature was expected
given the relatively reduced language demands of visuo-spatial STM/WM tests compared to
their auditory-verbal or visual-verbal counterparts. Among the types of visuo-spatial STM
tests identified in the appraised literature, serial recall tasks were most prevalent. Of the four
visuo-spatial serial recall tests reviewed, the WMS-111 visual tapping subtest received the
strongest quality ratings, although evidence of its discriminant validity was lacking (Table
11). Notably, the newer visual tapping (WMS-I11) did represent an improved version of the
older WMS-R visual tapping in several psychometric domains. Reliability and measurement
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error were areas of significant concern for the visuo-spatial STM tests developed by Kessels
et al. (2008), a version of a Corsi block tapping task, and DeDe et al. (2014): Both tests
received poor quality ratings for these psychometric properties and neither reported inter-
rater reliability. We should note that several studies (e.g., Berthier et al., 2011) used block
tapping tests but were not included in this review because the wrong citations were provided.
Milner (1971) was one of these erroneous citations: Milner (1971) referred to Corsi’s
doctoral research (i.e., Corsi, 1972), which involved block tapping as a Hebbian learning
task rather than visuo-spatial STM span test per se. Another problematic citation for the
block tapping test was that of De Renzi and Nichelli (1975) who referred to their block
tapping task as a “spatial span task” (p. 344), but provided insufficient description of how
the task was implemented. In contrast, Kessels et al. (2008) included the actual sequences
for their block tapping test. Regardless, our quality appraisal findings suggest that the WMS-
I11 visual tapping appeared to be the most appropriate choice when looking for a measure of
visuo-spatial serial recall.

Three visuo-spatial STM tests did not require serial recall: Two involved the immediate
recognition of complex designs via a pointing response (i.e., Helm-Estabrooks, 2001; Kalbe
et al., 2005) and one involved the recall of designs via a drawing response (i.e., WMS-R
Visual Reproduction I). Of the two involving immediate recognition of complex designs, the
version by Kalbe and colleagues received a stronger validity appraisal; however, both of
these tests received poor ratings in measurement error and across all types of reliability.
Consequently, neither test would be appropriate for monitoring recovery or treatment effects.
Compared to these recognition tests, the WMS-R Visual Reproduction | had stronger
psychometric characteristics, despite concerns with certain types of validity and reliability.
Among the eligible studies, this visuo-spatial STM test was used in only one study with one
participant (i.e., Murray et al., 2006). It is possible that this test was used infrequently
because drawing abilities in individuals with aphasia may be confounded by a number of
concomitant conditions (e.g., dominant hand paresis; constructional apraxia; visual neglect;
Murray & Clark, 2015).

The only standardised visuo-spatial WM test encountered in the eligible studies was the
TEA Visual Elevator subtest, which evaluates updating submechanisms of WM (Kearney-
Ramos et al., 2014). Our quality appraisal highlighted several psychometric concerns with
this test including poor ratings of content and concurrent validity, measurement error, and
test-retest and split-half reliability. Given that only one standardised test was identified,
additional research is warranted to examine the visuo-spatial WM performance patterns of
individuals with aphasia on other updating tests (e.g., /-back measures) as well as tests
designed to evaluate shifting processes (e.g., complex span measures).

Quality appraisal of studies

Our systematic review and quality appraisal identified only six studies with high (Chiou &
Kennedy, 2009; Fucetola et al., 2009; Ivanova & Hallowell, 2014) or moderate (DeDe et al.,
2014; Kalbe et al., 2005; Meteyard et al., 2015) overall study quality ratings, and thus
revealed a number of concerns regarding the description, use, and interpretation of STM and
WM tests in the aphasia literature (Table 12). Whereas study design was rated as high or
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moderate in the vast majority of the papers, issues arose in terms of the other appraisal
categories. Inadequate description of aphasia variables (i.e., low rating) was encountered in
several studies. That is, in these studies, the presence of aphasia was mentioned but with
nominal description and/or documentation of the aphasia profile (e.g., no information
concerning aphasia severity). Failure to include aphasia profile information subverts
determining to which segment of the aphasia population the STM/WM test(s) findings
apply. Approximately half of the studies adequately described the language profiles of the
participants with aphasia but included a restricted range of profiles; in some cases this was
related to the small sample size (e.g., Francis et al., 2003) whereas in others, the study was
designed to focus on a particular aphasia profile (e.g., Gvion & Friedmann, 2012). A
restricted range of profiles limits the extent to which STM/WM test findings can be
generalised to the broad aphasia population and may result in a lack of evidence for certain
segments of that population. Indeed, individuals with severe aphasia or a Wernicke’s aphasia
type were under-represented in the studies reviewed.

With respect to the use and interpretation of the STM/WM tests, most studies failed to
describe the assessment conditions, with only three studies specifying the characteristics of
both the testing environment and the test administrator. Description of assessment variables
is necessary to (1) allow replication of STM/WM test administration procedures not only in
future research but also in clinical settings, and (2) aid in interpreting the test findings (e.qg.,
different STM test scores at time point 1 and 2 could reflect administration differences
versus a change in memory performance). Another major concern was the small number of
investigations (i.e., 6 out of 36) in which age and education in concert with at least one other
confounding factor were taken into account when administering and interpreting the
STM/WM tests. Consideration of such factors is essential given the extensive literature
documenting the substantial influence of demographic variables such as age, education, and
ethnocultural background on cognitive test performances (e.g., Casaletto et al., 2015;
Norman et al., 2011). Accordingly, STM/WM test outcomes become difficult to interpret
when such factors have not been reported at all in a study or have been disregarded when
scoring STM/WM tests or comparing patient and control groups. Relatedly, whereas most
studies included the reference standard for the STM/WM test scores, close to 30% failed to
do so. In these latter studies, whether the STM/WM test results indicate the presence or
absence of impairment cannot be vetted.

Recommendations

Based on our review of the standardised STM/WM tests and the studies utilising such tests,
we recommend the following in future endeavours related to the evaluation of STM or WM
in aphasia:

1. There is a need to obtain standardisation information from larger sample sizes to
increase the power of STM/WM tests’ psychometric properties. This would
provide confidence to researchers and clinicians in adopting specific tests. With
some notable exceptions (Kalbe et al., 2005; Swinburn et al., 2004), normative
and validation sample sizes for individuals with aphasia were small. At the very
least, age and education information must also be included in the normative and
validation data, given the well-documented influence of such demographic
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variables on cognitive test performance (e.g., Casaletto et al., 2015). Description
of aphasia variables and testing environments is also recommended to allow
determination of the range of patient profiles and administration settings in
which the test can detect STM/WM difficulties or changes in STM/WM abilities.

There is a need to expand theoretical paradigms and study the psychometric
properties of their tasks in both STM and WM. In auditory-verbal STM, there is
a need to go beyond Digit Span and include tests that systematically manipulate
word types and lexical variables (cf., Friedmann & Gvion, 2002). Such tests are
needed to further delineate the role of phonological and semantic STM abilities
in aphasia as well the role of item versus order deficits in STM (cf., Majerus et
al., 2015; Martin, 2009). This issue has been addressed in experimental tasks that
manipulate linguistic variables in verbal STM and WM tasks, but these
experimental tasks have not yet undergone sufficient psychometric evaluation
(e.g., Christensen & Wright, 2010; Martin, Kohen, & Kalinyak-Fliszar, 2010).

Several relatively new standardised cognitive test batteries have STM and WM
subt-ests (e.g., WMS-IV Symbol Span; Wechsler, 2009), but have yet to be
utilised in the aphasia literature (at least as of April, 2015).

Albeit one reviewed study solely used computerised STM tests (i.e., Lee & Pyun,
2014), expansion of computerised delivery of STM/WM tests appears an area in
need of further exploration. Computerised tests afford timing precision, improve
consistency of delivery, and minimise variability of presentation between
different human assessors, ultimately improving testing (Noyes & Garland, 2008;
Woods et al., 2011). However, practical limitations in terms of computer
portability and availability could be prohibiting factors.

Investigations of staircase methods of presentation as opposed to the dominant
“ascending” or “incremental” method of testing (i.e., from lists or blocks with
fewer stimuli to lists or blocks with more stimuli) (cf., Ehrenstein & Ehrenstein,
1999) are needed. Although in the more traditional ascending testing method
difficulty increases gradually, and thus possibly engages examinees in the testing
process (because initial items are not too difficult), proactive interference also
increases (May, Hasher, & Kane, 1999). May et al. showed that, particularly in
older adults, the traditional ascending testing method can produce smaller WM
scores because of increased proactive interference. Staircase methods could
diminish such proactive interference. Computerised tests would allow automated
adjustment of list presentations in terms of the staircase method, highlighting the
need for more frequent collaboration between human computer interaction
specialists and aphasiologists (Molero Martin, Laird, Hwang, & Salis, 2013;
Salis & Hwang, 2016).

There should be more research on the possible influence of response modality in
STM and WM testing (e.g., spoken response versus recognition; drawing versus
recognition), in both non-brain-damaged adults as well as those with aphasia. For
example, comparisons of matching span versus spoken recall tasks have revealed
a distinction between (a) encoding and storage associated with language input
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versus (b) retrieval associated with language output processes (e.g., Allport,
1984; Jacquemot, Dupoux, & Bachoud-Lévi, 2011; Romani, 1992). Nonetheless,
issues of whether or not STM/WM tests that differ in response modality can be
used interchangeably or should perhaps be used in concert to bolster the validity
and reliability of STM/WM test results have not been systematically investigated.

7. As clinical researchers we recognise that research needs are different from
clinical needs. To ensure that research findings make an impact on clinical
practice, there should be more dialogue between stakeholders, that is,
researchers, clinicians, and people with aphasia, to achieve the design of STM
and WM tests that are psychometrically sound and discriminating, as well as
appealing to clinicians who have limited time to derive a differential diagnosis
before treatment or to measure improvements following treatment.

Some limitations must be acknowledged with respect to the current systematic review. First,
only journal studies and test manuals in English were reviewed and appraised. Thus,
selection bias is possible and our findings may not apply to STM/WM tests in other
languages. Second, our ratings of the psychometric properties of tests were based on the
sources available to us and the way those were reported. It may well be the case that if
different statistical analyses were reported, the quality ratings might too have been different.

Conclusions

The present systematic review identified use of a number of standardised auditory-verbal
and visuo-spatial STM and WM tests in the contemporary aphasia literature. Further
research is warranted, however, given problems in terms of these tests’ validity, reliability,
and measurement error, and in terms of how researchers documented their use and
interpretation of such tests. That is, in concert with previous reviews (e.g., Salis et al., 2015),
no gold standard for evaluating STM/WM abilities in people with aphasia was identified.
Until such a gold standard STM/WM assessment tool has been ratified, reliance on just one
test to characterise STM or WM in a given individual with aphasia appears an inadequate
practice given (1) the psychometric concerns among the standardised tests currently being
used in the aphasia literature, and (2) the multi-faceted nature of STM and WM specified in
theoretical models of these memory constructs. Also, given the growing literature suggesting
a crucial role for non-linguistic cognitive functions in mediating aphasia symptoms and
outcomes (e.g., Nguyen et al., 2015; Nicholas, Hunsaker, & Guarino, 2015), our findings
underscore the need not only to extend aphasia research regarding STM/WM standardised
test development and validation, but also to review systematically standardised tests
regularly being used in research and clinical practice to characterise other domains of
cognitive functioning in individuals with aphasia.
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Appendix 1. Adapted Study Quality Rating Tool
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Ratings
Quality Categories
High Moderate Low
Design Single-subject across Single-subject 1 Case study

Control for confounding
factors

Aphasia variables

participants; relatively large
group (i.e., >10)

Adjustment for at least 3
confounding factors (e.g.,
ethnocultural background,
gender), including age and
education

Specification of aphasia
severity and description of
language profile; range of
aphasia profiles included

participant; small group
(i.e., <10)

Adjustment for at least
age and education

Specification of aphasia
severity and description of
language profile;
restricted range of aphasia

Adjustment for 1 or
0 confounding
factors

Specification of
presence of aphasia
but limited
description of

profiles included (e.g., language profile

only mild aphasia)
Assessment variables Specification of assessor Specification of assessor No specification of
qualifications AND assessment  qualifications OR assessment
conditions (e.g., same assessor assessment conditions variables
across testing sessions; tested in  sufficient to allow
quiet room) sufficient to allow replication
replication

STM/WM test interpretation Reference standard for the Reference standard for the ~ No specification of
STM/WM test score(s) STM/WM test score(s) reference standard
specified (e.g., compared to specified

appropriate control group;

utilised standard scores)

This Study Quality Rating Tool is based on information in NIHR York University Guidelines and Criteria for Appraising
Diagnostic Test Studies; Khan et al. (2003), STARD and COSMIN checklists. A study must score high in 4 out of 5
categories for an overall High rating (with no low rating); an overall moderate rating for a study cannot include any low
rating.

Appendix 2. Test Psychometric Properties Quality Rating Tool

Scoring note: For any variable/construct with items rated on excellent to fair scale (i.e., from
COSMIN checklist), if even one item is rated as POOR, the score for that variable/construct
is POOR.

A. Validity

1 Construct validity — statistical analysis (e.g., item analysis; factor analysis;
correlating with performance of other STM/WM tests; sensitive to changes with
recovery; can discriminate those with and without STM/WM deficit) has
indicated that STM/WM test data match the intended structure of the test

Excellent = If there is a statistical correlation/regression of any sort, even if
simple, between target instrument and other instruments

Fair = If there is no statistical analysis but just a discussion
Low = If there is no discussion whatsoever

2. Content/Face validity — looks like it should assess STM/WM; degree to which
test is model-based; has items with graded difficulty; possible systematic sources
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Page 28

of bias have been examined (e.g., cultural); experts designed the test; theoretical/
empirical foundation of test and characteristics of items/subtests specified

a.

Was there an assessment of whether all items refer to relevant aspects of
the construct to be measured?

Excellent = Assessed if all items refer to relevant aspects of the
construct to be measured

Fair = Aspects of the construct to be measured poorly described AND
this was not taken into consideration

Poor = NOT assessed if all items refer to relevant aspects of the
construct to be measured

Was there an assessment of whether all items are relevant for the study
population (e.g., age, gender, disease characteristics, country, setting)?

Excellent = Assessed if all items are relevant for the study population in
adequate sample size (= 10)

Good = Assessed if all items are relevant for the study population in
moderate sample size (5-9)

Fair = Assessed if all items are relevant for the study population in
small sample size (< 5)

Poor = NOT assessed if all items are relevant for the study population
OR target population not involved

3. Criterion-related validity: concurrent (STM/WM test outcomes have been found
consistent with other valid measures of memory; have scores been found
significantly related to other indices of STM/WM ability?)

a.

Was an adequate description provided of the comparator instrument(s)?

Excellent = Adequate description of the constructs measured by the
comparator instrument(s) Good = Adequate description of most of the
constructs measured by the comparator instrument(s)

Fair = Poor description of the constructs measured by the comparator
instrument(s)

Poor = NO description of the constructs measured by the comparator
instrument(s)

Were the measurement properties of the comparator instrument(s)
adequately described?

Excellent = Adequate measurement properties of the comparator
instrument(s) in a population similar to the study population

Good = Adequate measurement properties of the comparator
instrument(s) but not sure if these apply to the study population
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B. Reliability
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Fair = Some information on measurement properties (or a reference to a
study on measurement properties) of the comparator instrument(s) in
any study population

Poor = No information on the measurement properties of the
comparator instrument(s)

C. Were design and statistical methods adequate for the hypotheses to be
tested?

Excellent = Statistical methods applied appropriate

Good = Assumable that statistical methods were appropriate, e.g.,
Pearson correlations applied, but distribution of scores or mean (SD)
not presented

Fair = Statistical methods applied NOT optimal

Poor = Statistical methods applied NOT appropriate OR statistical
methods not reported Or no correlation between two different measures
of memory

Criterion related validity: predictive validity

The test should predict performance on other measures/contexts to which the
results will be generalised; does STM/WM test predict performance on other
measures beyond the construct of STM/WM?

YES NO
Discriminant validity

The STM/WM test has been shown to discriminate those with and without
typical STM/WM abilities

YES NO

Test-retest reliability information, e.g., length between testing (e.g., days,
months)

a. was the sample size included in the internal consistency analysis
adequate?

Excellent = Adequate sample size (= 100)
Good = Good sample size (50-99)
Fair = Moderate sample size (30-49)

Poor = Small sample size (< 30) OR sample size not reported OR test-
retest reliability not reported

b. were at least two measurements available?
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Excellent = at least 2 measurements

Poor = only one measurement

Were the administrations independent?

Excellent = Independent measurements

Good = Assumable that the measurements were independent
Fair = Doubtful whether the measurements were independent
Poor = measurements NOT independent OR not reported
Was the time interval stated?

Excellent = Time interval stated

Fair = time interval NOT stated

Were patients stable in the interim period on the construct to be
measured?

Excellent = Patients were stable (evidence provided)

Good = Assumable that patients were stable

Fair = Unclear if patients were stable

Poor = Patients were NOT stable OR patient status not reported
Was the time interval appropriate?

Excellent = Time interval appropriate

Fair = Doubtful whether time interval was appropriate

Poor = Time interval NOT appropriate

Page 30

Were the test conditions similar for both measurements? (e.g., type of

administration, environment, instructions)

Excellent = Test conditions were similar (evidence provided)
Good = Assumable that test conditions were similar

Fair = Unclear if test conditions were similar

Poor = Test conditions were NOT similar OR no reported

for continuous scores: was an intraclass correlation coefficient (ICC)

calculated?

Excellent = ICC calculated and model or formula of the ICC is
described

Good = ICC calculated but model or formula of the ICC not described

or not optimal
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2.

3.

C. Measurement Error
1

Page 31

Fair = Pearson or Spearman correlation coefficient calculated
WITHOUT evidence provided that no systematic change has occurred
or WITH evidence that systematic change has occurred (i.e., strict
simple r = or > .90; relaxed .80)

Poor = No ICC or Pearson or Spearman correlations calculated OR
method not reported

for dichotomous/nominal/ordinal scores: was kappa calculated?
Excellent = Kappa calculated and reported
Fair = other statistical analysis calculated and reported

Poor = Only percentage agreement calculated OR method not reported

Split-half reliability/internal consistency

a. was the sample size included in the internal consistency analysis
adequate?
Excellent = Adequate sample size (= 100)
Good = Good sample size (50-99)
Fair = Moderate sample size (30-49)
Poor = Small sample size (< 30) OR not reported

b. Was Cronbach’s alpha calculated?
Excellent = Yes
Fair = only item-total correlations calculated
Poor = no Cronbach’s or item-total correlations OR method not
reported

C. If Cronbach’s was reported does it meet criterion (strict Cronbach alpha
= or > .90; relaxed .80)? Report criterion (i.e., need to extract from
manual or article)

d. Split half procedure not applicable

Inter-rater reliability Yes % No not applicable

Strict criteria: simple correlation (/) for 2 ratings = or > .90; .80 for Kappa
Relaxed criteria: r.80; Kappa .70

Was the Standard Error of Measurement (SEM), Smallest Detectable Change
(SDC) or Limits of Agreement (LoA) calculated?

Excellent = SEM, SDC, or LoA calculated

Good = Possible to calculate LoA from the data presented
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Poor = SEM calculated based on Cronbach’s alpha, or on SD from another
population OR not reported
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— Records identified through digital searching Records identified through other sources
(n=6,771) (n=1,148)
5 CINAHL: 558 studies Aphasiology hand search: 1,092 studies
B LLBA: 238 studies Commercial tests: 3 studies
= Medline: 871 studies Selected reference lists: 53 studies
b= PsychINFO: 4,223 studies
§ Science Direct: 248 studies
TAYLOR & FRANCIS: 633 studies Duplicates removed: 620 studies
)
Records excluded
(n =4,770)
CINAHL: 360 studies
- LLBA: 166 studies
g Records screened Medline: 589 studies
g (title & abstract) PsychINFO: 3,004 studies
S (n=7,299) Science Direct: 189 studies
@ TAYLOR & FRANCIS: 472 studies
— Full-text articles excluded
(n=2,456)
CINAHL: 103 studies
Full-text articles assessed LLBA: 46 studies
for eligibility Medline: 293 studies
(n=2,529) PsychINFO: 744 studies
Science Direct: 37 studies
TAYLOR & FRANCIS: 143 studies
— Aphasiology hand search: 1,022 studies
PR Commercial Tests: 3 studies
Selected reference lists: 47 studies
Participant duplications: 18 studies
s
= Studies included
g (n=73)
__
STM/WM testing fundamental Tested STM/WM as
to study purpose background information only
(n=36) (n=37)

Figure 1.
Flow diagram of the identification-inclusion process.
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Table 1
Search terms.
Construct related Population related Topic related
acoustic, active, attention, auditory, buffer, capacity, acquired, adult? aneurysm, aphasia, brain,  assess4, diagnos4, evaluation
continuous performance, echoic, free, immediate, listening,  cgrebro-vascular, “cerebrovascular” - a reliab?
memory, non-verbal, “non verbal”, “nonverbal”, cortical. CVA d)’/sphasia head. h? instrument, propert® relial

phonological, primary, read?, recall, recognition, repetition, emorrhage, injury, isch?emic, stroke,
retention, sensory, serial, short-term “short term”, semantic, subcortical, traumatic, tumo?r, vascular
spatial, tapping temporary, tonal, transient, verbal, visual,

visuo-spatial, “visuospatial”, working

measure4, psychometric?,
sensitivity, specificity, standard?,
task?, test, tool, valid?

aTruncation of search term; internal character indicating UK spelling.
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Table 3

STM/WM as background testing: standardised auditory-verbal STM tests (listed alphabetically by test type).

Studies and test publication (test, author, year)

Test types Task summary

Digit Span — spoken Serial forward and backward

recall recall

Digit Matching Span Serial recognition of
spoken lists of digits

CNS Vital Signs Recognition of words

Memory Test —

immediate condition

Non-word Span Spoken serial recall of non-
words

Word Span — Serial recognition of spoken

matching order lists of words

Adrover-Roig et al. (2011): WAIS-R (Wechsler, 1981) Ardila, Concha, and Rosselli
(2000): WAIIS-R (Wechsler, 1981) Berthier et al. (2011): WMS (Wechsler, 1945)
Campanella, Crescentini, Mussoni, and Skrap (2013): Digit Span (Orsini, Capitani,
Laiacona, Papagno, & Vallar, 1987) Corsten, Mende, Cholewa, and Huber (2007):
WMS-R (Harting et al., 2000) De-Torres et al. (2013): EPLA (Valle & Cuetos,
1995) Dewar, Patterson, Wilson, and Graham (2009): WAIS-R (Wechsler, 1981)
Dotan and Friedmann (2015): FriGvi (Friedmann & Gvion, 2002) Francis, Clark,
and Humphreys (2002): WMS-R (Wechsler, 1987) Kendall, Conway, Rosenbek,
and Gonzalez-Rothi (2003): CTOPP (Wagner, Torgesen, & Rashotte, 1999) Kendall
etal. (2006): CTOPP (Wagner et al., 1999) Law, Wong, and Chiu (2005): WMS-R
(Lee, Yuen, & Chan, 2002) Léonard, de Partz, Grandin, and Pillon (2009): WAIS-1II
(Wechsler, 2000) Léonard, Pillon, and de Partz (2008): WAIS-I11 (Wechsler, 2000)
Lott, Sperling, Watson, and Friedman (2009): WMS-II1 (Wechsler, 1997) Otsuka et
al. (2005): WMS-R (Wechsler, 1987) Plaza, Gatignol, Leroy, and Duffau (2009):
WAIS-R (Wechsler, 1981) Renvall, Laine, Laakso, and Nadine Martin (2003):
WMS-R (Wechsler, 1987) Sidiropoulos, de Bleser, Ackermann, and Preilowski
(2008): WMS-R (Wechsler, 1987) Sidiropoulos, Ackermann, Wannke, and Hertrich
(2010): WMS-R (Wechsler, 1987) Sierpowska et al. (2013): WAIS-111 (Wechsler,
1997) Solca, Di Pietro, Schnider, and Leemann (2015): WMS-II1 (Wechsler, 1997)

De-Torres et al. (2013): EPLA (Valle & Cuetos, 1995)

Kambanaros and Weekes (2013): CNS Vital Signs Memory Test (Gualtieri &
Johnson, 2006)

Dotan and Friedmann (2015): FriGvi (Friedmann & Gvion, 2002)

Biran and Fisher (2015): FriGvi (Friedmann & Gvion, 2002) Dotan and Friedmann
(2015): FriGvi (Friedmann & Gvion, 2002)

WAIS-R = Wechsler Adult Intelligence Scale — Revised; WMS = Wechsler Memory Scale; WMS-R = Wechsler Memory Scale — Revised; CTOPP
= Comprehensive Test of Phonological Processing; WAIS-111 = Wechsler Adult Intelligence Scale 3rd Edition; EPLA = Evaluacion del

Procesamiento Lingisticos en la Afasia.
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Table 4
STM/WM as background testing: standardised auditory-verbal WM tests.

Test type Task & stimuli Studies and test publication (test, author, year)
Elevator Counting Filtering tones, selective Cappelletti, Freeman, and Cipolotti (2011): TEA (Robertson, Ward, Ridgeway, &
With Distraction attention and updating Nimmo-Smith, 1994) Conroy, Sage, and Lambon Ralph (2009): TEA (Robertson et al.,

1994) Robson, Sage, and Lambon Ralph (2012): TEA (Robertson et al., 1994)
Thompson and Jefferies (2013): TEA (Robertson et al., 1994)

Listening Span — by Sentence processing, word ~ Grindrod and Baum (2005): Listening Span (Tompkins et al., 1994) Murray, Timberlake,
spoken recall storage in WM and Eberle (2007): Listening Span (Tompkins et al., 1994) Murray, Ballard, and Karcher
(2004): Listening Span (Tompkins et al., 1994)

TEA = Test of Everyday Attention.
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Table 5
STM/WM as background testing: standardised visuo-spatial STM and WM tests (listed alphabetically by test
type).
Test type Task & stimuli Studies and test publication (test, author, year)

CNS Vital Signs Memory Test
— immediate condition

Design Recognition

DMS-48 — immediate
recognition

Figure or Shape Drawing —
immediate recall

Visuo-spatial Span

Recognition of geometric
figures

Recognition of complex
geometric figures

Recognition of visual
objects

Drawing of complex figures

Visual serial forward and
backward recall

Kambanaros and Weekes (2013): CNS Vital Signs Memory Test (Gualtieri &
Johnson, 2006)

Hendricks, Nicholas, and Zipse (2014): Design Memory of CLQT (Helm-
Estabrooks, 2001)

Lavoie, Routhier, Légaré, and Macoir (2016): DMS-48 immediate recognition
(Barbeau et al., 2004)

Attard, Rose, and Lanyon (2013): Rey Complex Figure Test (Fastenau,
Denburg, & Hufford, 1999) Larsen, Baynes, and Swick (2004): WMS-I11
Visual Reproduction (Wechsler, 1997)

Beeson, Rising, and Volk (2003): WMS-R (Wechsler, 1987) Lidzba, Staudt,
Zieske, Schwilling, and Ackermann (2012): Block Tapping Test (Schellig,
1997) Lott et al. (2009): WMS-111 (Wechsler, 1997) Otsuka et al. (2005):
WMS-R (Wechsler, 1987) Sidiropoulos et al. (2008): WMS-R (Wechsler,
1987) Sidiropoulos et al. (2010): WMS-R (Wechsler, 1987)

CNS = central nervous system; DMS-48 = Delayed Matching-to-Sample-48; CLQT = Cognitive Linguistic Quick Test; WMS = Wechsler Memory
Scale; WMS-R = Wechsler Memory Scale — Revised; WMS-I11 = Wechsler Memory Scale 3rd Edition.
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Table 7

Standardised auditory-verbal and visual-verbal WM tests (listed alphabetically by test type).

Page 44

N (participants

with aphasia
with whom test
Test type Task and stimuli Studies and test publication (test, author, year) was used)
Elevator Counting With Filtering tones, selective Coelho (2005): TEA (Robertson et al., 1994) Fillingham et 70
Distraction attention and updating al. (2006): TEA (Robertson et al., 1994) Galling et al.
(2014): TEA (Robertson et al., 1994) Hoffman et al.
(2013): TEA (Robertson et al., 1994) Lee and Sohlberg
(2013): TEA (Robertson et al., 1994) Mayer and Murray
(2002): TEA (Robertson et al., 1994) Murray et al. (2006):
TEA (Robertson et al., 1994) Murray (2012b): TEA
(Robertson et al., 1994) Sage et al. (2011): TEA
(Robertson et al., 1994) Sinotte and Coelho (2007): TEA
(Robertson et al., 1994)
Elevator Counting with Monitoring and updating Lee and Sohlberg (2013): TEA (Robertson et al., 1994) 6
Reversal Murray et al. (2006): TEA (Robertson et al., 1994) Sinotte
and Coelho (2007): TEA (Robertson et al., 1994)
Eye Movement WM Sentence processing, word lvanova and Hallowell (2014) in English: Eye Movement 67
storage in WM WM task (lvanova & Hallowell, 2014) Ivanova et al.
(2015) (in Russian): Eye Movement WM task (Ivanova &
Hallowell, 2014)
Listening Span - by Sentence processing, word DeDe et al. (2014): Listening Span (DeDe et al., 2014) 72
spoken recall storage in WM Listening Span Mayer and Murray (2002): Listening Span (Tompkins et
(DeDe et al., 2014; Tompkins et al., 1994) Murray (2012b): Listening Span (Tompkins et
al., 1994) al., 1994) Sung et al. (2009): Listening Span (Tompkins et
al., 1994)
Listening Span — by Sentence processing, word Friedmann and Gvion (2007): FriGvi (Friedmann & 17
written recognition storage in WM Gvion, 2002) Gvion and Friedmann (2012): FriGvi
(Friedmann & Gvion, 2002)
n-back Monitoring and updating DeDe et al. (2014): 1-back, 2-back (DeDe et al., 2014) 12

TEA = Test of Everyday Attention.
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Table 8

Standardised visuo-spatial STM and WM tests (listed alphabetically by test type).

Page 45

Test type

Task & stimuli

Studies and publication (test, author, year)

N (participants
with aphasia
with whom test
was used)

Shape Drawing —
immediate recall

Design Recognition

Visuo-spatial Span

Visual Elevator

Immediate drawing
recall of figures

Immediate recognition
of complex geometric
figures

Visual serial forward
and backward recall

Working memory/
updating, attentional
switching with
pictograms

Murray et al. (2006): Visual Reproduction (Wechsler, 1987)

Helm-Estabrooks (2002): Design Memory of CLQT (Helm-
Estabrooks, 2001) Kalbe et al. (2005): Nonverbal Memory of Aphasia
Check List (Kalbe et al., 2005) Nicholas et al. (2005): Design Memory
of CLQT (Helm-Estabrooks, 2001)

DeDe et al. (2014): Square Span (DeDe et al., 2014) Fucetola et al.
(2006): WMS-I11 (Wechsler, 1997) Fucetola et al. (2009): WMS-I11
(Wechsler, 1997) Kasselimis et al. (2013): Block Tapping (Kessels et

al., 2008) Lang and Quitz (2012): WMS-R (Harting et al., 2000) Lee
and Pyun (2014): Computerised Neurocognitive Test (MaxMedica,
Seoul, Korea) Mayer and Murray (2002): WMS-R (Wechsler, 1987)
Murray et al. (2006): WMS-R (Wechsler, 1987) Murray (2012b):
WMS-R (Wechsler, 1987) Salis (2012): WMS-R (Wechsler, 1987)

Chiou and Kennedy (2009): TEA (Robertson et al., 1994) Coelho et al.
(2005): TEA (Robertson et al., 1994) Lee and Sohlberg (2013): TEA
(Robertson et al., 1994) Mayer and Murray (2002): TEA (Robertson et
al., 1994) Murray et al. (2006): TEA (Robertson et al., 1994) Murray
(2012b): TEA (Robertson et al., 1994) Sinotte and Coelho (2007):
TEA (Robertson et al., 1994)

1

172

365

61

a . . .
These tests were not evaluated in terms of quality as they were unobtainable.

CLQT = Coghnitive Linguistic Quick Test; WMS-I11 = Wechsler Memory Scale 3rd Edition; WMS-R = Wechsler Memory Scale — Revised; TEA =
Test of Everyday Attention.
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