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Abstract

Background—Previous research has suggested separable short-term memory (STM) buffers for
the maintenance of phonological and lexical-semantic information, as some patients with aphasia
show better ability to retain semantic than phonological information and others show the reverse.
Recently, researchers have proposed that deficits to the maintenance of semantic information in
STM are related to executive control abilities.

Aims—The present study investigated the relationship of executive function abilities with
semantic and phonological short-term memory (STM) and semantic processing in such patients, as
some previous research has suggested that semantic STM deficits and semantic processing
abilities are critically related to specific or general executive function deficits.

Method and Procedures—20 patients with aphasia and STM deficits were tested on measures
of short-term retention, semantic processing, and both complex and simple executive function
tasks.

Outcome and Results—In correlational analyses, we found no relation between semantic STM
and performance on simple or complex executive function tasks. In contrast, phonological STM
was related to executive function performance in tasks that had a verbal component, suggesting
that performance in some executive function tasks depends on maintaining or rehearsing
phonological codes. Although semantic STM was not related to executive function ability,
performance on semantic processing tasks was related to executive function, perhaps due to
similar executive task requirements in both semantic processing and executive function tasks.

Conclusions—Implications for treatment and interpretations of executive deficits are discussed.

One of the long-standing debates in the short-term memory (STM) literature concerns the
cause of forgetting and whether it results from time-based decay or interference (e.g.,
McGeoch, 1932; see Jonides et al. (2007) for a recent review). Interestingly, data from
patients with verbal STM deficits have suggested that the source of information loss may
depend on the type of STM being assessed. The language-based model of STM of R. Martin
and colleagues (R. Martin & He, 2004; R. Martin & Romani, 1994; R. Martin, Shelton, &
Yaffee, 1994) has proposed two buffers for the retention of verbal material. The
phonological buffer is involved in the maintenance of phonological information in STM,
playing a role similar to the phonological loop proposed by Baddeley (e.g. Baddeley, 1986;
Baddeley & Hitch, 1974). In contrast, the lexical-semantic buffer is involved in the
maintenance of lexical-semantic information in STM (N. Martin & Saffran, 1997; R. Martin,
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Lesch & Bartha, 1999; R. Martin et al., 1994). This multiple capacities view of STM is
supported by dissociable patterns of patient performance on STM tasks (R. Martin & He,
2004; R. Martin & Romani, 1994; R. Martin et al., 1994); patients with phonological STM
deficits have difficulty maintaining phonological information, while patients with semantic
STM deficits have difficulty maintaining lexical-semantic information. Although these
patients generally have reduced STM spans (typically ranging from 1-3 items), they have
relatively intact single word and semantic processing. Critically, the dissociation between
retention of one type of information, but not another, cannot be easily explained by models
that assume verbal STM processing occurs in a single phonological store (e.g., Baddeley,
1986).

Research has suggested that phonological STM deficits result from an overly rapid decay of
phonological information (R. Martin et al., 1994; R. Martin & Lesch, 1996; N. Martin &
Saffran, 1997). Although semantic STM deficits were initially thought to result from an
overly rapid decay of semantic information (e.g. Freedman, R. Martin & Biegler, 2004; N.
Martin & Saffran, 1997; R. Martin & Lesch, 1996), more recent research suggested that
executive function (EF) deficits may be the source of semantic STM deficits, with failures in
executive control causing excessive interference in semantic STM (Hamilton & R. Martin,
2005, 2007) or an inability to manipulate semantic representations in a task appropriate
fashion (Hoffman, Jefferies, Ehsan, Hopper, & Lambon Ralph, 2009; cf. Barde, Schwartz,
Chrysikou, & Thompson-Schill, 2010). Hamilton and R. Martin (2005, 2007) found that
semantic STM patient ML demonstrated normal interference patterns on two nonverbal
inhibition tasks (spatial Stroop, anti-saccade), but showed significantly exaggerated
interference effects on two verbal inhibition tasks (standard Stroop, recent negatives probe
task). In the recent negatives probe task, subjects are presented with a list of items and asked
to judge whether a probe item was in the list. On some of the “no” trials, the probe appeared
in an immediately preceding list. Standard findings with healthy subjects show longer
reaction times and higher error rates in rejecting these recent negative probes than in
rejecting probes that did not appear in a recent list. ML showed exaggerated interference in
multiple versions of the recent negatives task, including a version with only letters, as well
as a word version that manipulated the semantic and phonological relatedness of the probes
to the list items (Hamilton & R. Martin, 2007). These exaggerated interference effects on
verbal inhibition tasks were taken as evidence that ML’s STM deficits result from an
abnormal persistence of previously relevant information, caused by a deficit to control
processes acting on STM. Specifically, ML’s semantic STM deficits were hypothesized to
be associated with failures of verbal inhibition, suggesting a critical role of executive control
in semantic STM.

Relatedly, Hoffman et al. (2009) have suggested that semantic STM deficits stem from an
impairment in the control processes utilized to manipulate semantic representations. This
conclusion was derived from a case-series comparison of semantic STM patients and
persons with comprehension-impaired stroke aphasia (SA). Previous research suggested that
SA patients have intact amodal semantic knowledge, but show semantic impairments due to
impaired executive control over semantic activations (Jefferies & Lambon Ralph, 2006);
while this impairment does not affect semantic representations, it does affect the use of
semantic information in a task-appropriate fashion. Specifically, SA patient performance on
both verbal and nonverbal semantic tasks was found to depend on the control demands of
the task: patients showed consistent performance on semantic tasks that made the same
semantic control requirements, but inconsistent performance across tasks with varying
semantic processing requirements. For example, while SA patients may have been able to
successfully utilize semantic information for picture naming, they may have had more
difficulty utilizing semantic knowledge on a test of semantic associations, which requires
not only object recognition and identification, but also attention to relevant features of the
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target item. Additionally, the SA patients also showed impairments on several executive/
attention tasks, and this impairment was correlated with semantic task performance.

Hoffman et al. (2009) compared these comprehension-impaired SA patients to two patients
with semantic STM deficits, JB and ABU, by investigating the STM, semantic processing,
and executive abilities of both groups. Similar to previous findings (Jefferies & Lambon
Ralph, 2006), the SA patients showed impaired performance on various verbal and
nonverbal semantic processing tests. The two semantic STM patients, on the other hand,
performed well on verbal and non-verbal semantic tests, replicating previous research
demonstrating that these patients have intact semantic processing abilities (e.g., R. Martin &
He, 2004; R. Martin & Lesch, 1996). In contrast to their relatively intact performance on
standard semantic tasks, however, the two semantic STM patients showed mild semantic
impairments when performing tasks that required speeded judgments or high semantic
control demands. For example, in a speeded synonym judgment task, the semantic STM
patients had accuracy levels within the range of the mildly impaired SA patients, and
response times significantly slower than controls. They also showed impairments (relative to
controls) on verbal fluency and verb generation tasks. Critically, these semantic STM
patients also showed mild impairments on tests of executive function and attention, though
their impairments were milder than those of the SA patients.

Given the qualitative performance similarities between the two patient groups, Hoffman and
colleagues (2009) concluded that executive control of semantic information is at the source
of both patterns of patient impairment. Patients with semantic STM deficits are hypothesized
to have a less severe form of the control deficit, relative to the SA patients, but the
difference is one of degree. That is, the semantic control deficits shown by the semantic
STM patients are of a milder form than the impairments shown by the SA patients, such that
the two patient groups fall along a continuum of impairment. Mild control impairments
result in impairments on tasks requiring maintenance and manipulation of several word
meanings (semantic STM), as well as more difficult semantic tasks involving speeded
judgments. More severe impairments in semantic control result in semantic deficits that are
evident in semantic tasks assessed at the single-word level.

This model of an underlying severity continuum that connects two seemingly independent
disorders was first introduced by N. Martin and colleagues (N. Martin, 2008; N. Martin &
Ayala, 2004; N. Martin & Gupta, 2004; N. Martin, Saffran, & Dell, 1996;) as part of their
account of STM deficits in aphasia. Before a role for executive function was considered as
part of the verbal STM deficit in aphasia, some theorists postulated that verbal STM
impairments could occur independently of verbal impairment in aphasia (e.g., Shallice,
1988). Early evidence for this model came from Warrington and Shallice’s (1969) seminal
case study of patient KF, who demonstrated a verbal STM impairment with minimal
language impairment. In contrast, N. Martin et al. (1996) demonstrated that changes
(quantitative and qualitative) in both verbal STM span and word repetition abilities were
associated in a single case (patient NC) over the course of his recovery from aphasia,
suggesting that a single impairment was underlying each ability. Specifically, N. Martin et
al. proposed activation decay as the source of both impairments. Consistent with this idea,
his exaggerated rate of decay lessened during recovery and his STM span and word
repetition abilities improved. In a larger group of individuals with aphasia (N = 46), N.
Martin and Ayala (2004) demonstrated significant correlations between severity of language
impairment (both phonological and lexical-semantic measures) and digit and word span
(repetition and pointing response conditions), providing additional evidence for a single
underlying impairment that yields a profile of aphasia plus verbal STM impairment (more
severe) or a profile limited to verbal STM impairment (milder). As accounts for the STM
deficit in aphasia expand to include executive functions (the control impairment proposed by
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Hoffman and colleagues (2009), among others), it follows that the severity continuum model
could apply to these abilities as well.

Accordingly, two separate research endeavors have converged on the hypothesis that
semantic STM deficits are related to disorders in executive control. Hamilton and R. Martin
(2005, 2007) suggested that semantic STM deficits are related to a deficit in a specific
component of executive function (verbal inhibition), while Jefferies, Lambon Ralph and
colleagues (Hoffman et al., 2009; Jefferies & Lambon Ralph, 2006) have suggested that
semantic processing and semantic STM deficits fall along a continuum, both resulting from
a deficit in the control processes that allow for the flexible use semantic representations.
However, the nature of the executive/attentional tasks used by Jefferies and Lambon Ralph
and Hoffman et al. should be noted. These tests included the Brixton test of spatial
anticipation (Burgess & Shallice, 1996), the Elevator Counting subtests of the Test of
Everyday Attention (Robertson, Ward, Ridgeway, & Nimmo-Smith, 1994), the Wisconsin
Card Sorting Test (e.g., Milner, 1964; Stuss et al., 2000), and the Raven’s Colored
Progressive Matrices (Raven, 1962). With the exception of the Raven’s test, which is
considered a measure of fluid intelligence, the other tasks, while being standard tasks used
to assess executive dysfunction, are considered “complex” as they involve a variety of
cognitive processes. Although some of these processes are agreed to be executive processes
(e.g., switching attention to relevant stimuli or rules, updating the contents of working
memory), others are not (e.g., phonological retention and rehearsal). Consequently, this
complexity makes poor performance difficult to interpret (Berman et al., 1995; Dunbar &
Sussman, 1995). Furthermore, even within those aspects that might be considered part of
executive control, there is evidence that inhibition, shifting, and updating are at least
partially separable components of executive function (e.g., Lehto, 1996; Miyake et al.,
2000). From the Hoffman study, then, one cannot draw conclusions about which aspect(s) of
executive function may be the source of the correlation with semantic task performance and
thus arguably critical to the control of semantic information.

In contrast to the previously mentioned accounts implicating executive control in semantic
STM deficits, Barde and colleagues (Barde, Schwartz, & Thompson-Schill, 2006; Barde et
al., 2010) found exaggerated interference effects in STM tasks for patients with both
semantic STM deficits and phonological STM deficits, suggesting the exaggerated
interference effects found by Hamilton and R. Martin (2005, 2007) may not be limited to
patients with semantic STM deficits. Specifically, Barde et al. (2010) assessed semantic and
phonological interference in probe tasks similar to the recent negatives task, discussed
above. In their probe tasks, probes could be semantically or phonologically related to items
in previous lists: on some trials, previous lists contained lure items — words that were either
semantically or phonologically related to the current trial’s probe word. Interestingly,
patients with both types of STM deficits and healthy, age-matched adults demonstrated
interference effects on both lure types. Critically, however, for the patients, the pattern of
interference effects was predicted by their degree of STM deficit: “the magnitude of
phonological interference effects was predicted by the extent of phonological STM deficit
alone, while the magnitude of semantic interference effects was predicted by the extent of
the semantic STM deficit alone” (Barde et al., 2010, p. 916).

To accommodate their findings, Barde et al. (2010) proposed the reactivation hypothesis.
Importantly to the present discussion, this hypothesis does not draw on executive control
mechanisms to explain STM deficits. According to the reactivation hypothesis, memory
items do not persist over time to result in excessive interference in short-term memory, as
predicted by an inhibition deficit. Instead, exaggerated interference arises from difficulty
discriminating degraded representations of current list items and reactivated representations
of prior list items. According to Barde and colleagues, both phonological and semantic STM
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deficits result from difficulty maintaining “lexical features in a state of temporary
activation” (Barde et al., 2010, p. 918). Although temporary activation of current list items
may not be strong, they assume that incremental learning occurs for each list item that is
presented such that the lexical representations of these items are strengthened, increasing the
likelihood that these representations will be retrieved or reactivated in the future. Thus,
when a related probe is presented (whether semantically or phonologically related) in a
subsequent list, it is likely that the lure word from the prior list will be reactivated, given the
assumption of spreading activation to semantic and phonological neighbors. As a result,
patients will have difficulty discriminating a match to the current list from a match to a
previous lure. They argued that their hypothesis better accommodated their findings of a
selective relation between phonological STM deficits and interference from phonologically
but not semantically related lures, and the reverse for semantic STM deficits. In order for an
inhibition deficit to accommaodate these findings, one would have to assume that inhibition
can be selectively impaired for semantic vs. phonological information. Thus, they argued
that their approach provided a more parsimonious account.

Thus, while both Hamilton and R. Martin (2005, 2007) and Hoffman et al. (2009) have
proposed a critical role for executive control as the source of semantic STM deficits, Barde
et al. (2010) have taken a different approach, instead emphasizing traditional decay-based
explanations for both types of STM deficits. Given these different hypotheses, a number of
issues remain. First, Hamilton and R. Martin (2005, 2007) only tested a single patient with a
semantic STM deficit; if inhibition is, in fact, important to semantic STM deficits, it is
critical to show that this same inhibition deficit is manifested across a larger group of
patients. The arguments of Barde and colleagues suggest that exaggerated interference
effects will not necessarily be related to inhibition deficits. Second, the patient studied in
Hamilton and R. Martin was only tested on one aspect of executive control (inhibition). If
semantic STM deficits are associated with impairments to executive control in general, then
testing of additional patients may reveal global executive control deficits (i.e., deficit to
other aspects of executive control such as updating and task switching; Miyake et al., 2000),
as proposed by Hoffman and colleagues (2009). Third, only Hoffman and colleagues have
investigated the relationship between executive function and semantic processing ability;
their theory predicts that more severe executive control impairments should be associated
with semantic processing deficits, as executive control is important for the flexible
manipulation of semantic representations. As a result, one might expect patients with severe
executive control deficits to also show greater semantic processing deficits. The present
study investigates this prediction with a large group of patients.

In summary, the nature of the executive impairment in semantic STM patients remains an
open question and is investigated in the present study. The data from Hamilton and R.
Martin predict a relationship between semantic STM and inhibition, though not necessarily
with other aspects of executive control. The data from Hoffman and colleagues (2009)
predict that all executive impairments should be related to both semantic STM and semantic
processing. Conversely, the data from Barde et al. (2010) predict no necessary relationship
between executive control and semantic STM. The predictions of these accounts are
summarized in Table 1.1

Finally, only the Barde et al. (2010) study has extended their investigation to both patients
with semantic and phonological STM deficits; both Hamilton and R. Martin (2005) and
Hoffman et al. (2009) focused on patients with semantic STM deficits. As a result, little

L)t should be noted that neither the inhibition hypothesis of Hamilton and Martin (2005; 2007) nor the reactivation hypothesis of
Barde et al. (2010) rule out a role for executive function in the performance of semantic processing tasks per se. However, neither
approach necessitates that such relations be found.
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research has investigated patients with phonological STM deficits to determine whether
executive deficits are related to both semantic and phonological STM deficits, and prior
work has come to mixed conclusions on this issue. Barde et al. found that patients with
phonological STM deficits did show exaggerated interference effects, though they argued
these were not due to an inhibition deficit. On the other hand, other work has proposed a
causal relation in the other direction. That is, instead of proposing that deficits in aspects of
executive functioning cause deficits in phonological retention, researchers have argued that
phonological retention and rehearsal play a supportive role in various aspects of executive
function, and this supportive role may be revealed depending on the memory demands of the
EF task (Baldo et al., 2005; Baldo, Bunge, Wilson, & Dronkers, 2010; Dunbar & Sussman,
1995; Lehto, 1996). In summary, if phonological STM deficits derive from overly rapid
decay of phonological information as has been argued by various researchers (Barde et al.,
2010; R. Martin et al., 1999), we would predict no necessary relation between phonological
STM deficits and EF deficits, at least to the extent that the EF tasks do not rely on
phonological retention and rehearsal (e.g., as for Stroop task). Some relation between
phonological STM deficits and performance on EF tasks might be observed, however, for
tasks in which verbal codes are involved and the task draws on memory resources (e.g., as
for updating tasks and complex verbal EF tasks).

The present study includes patient data on a variety of tasks, including screening
assessments, STM measures, semantic tasks, complex executive function tasks, and simple
executive function tasks, which tap more basic components of executive function such as
inhibition, updating, and shifting (Miyake et al., 2000); each category of tasks is motivated
and discussed in turn, below (see Table 2 for a summary of the tasks included). This battery
of tasks allows us to assess the relationship between STM, semantic processing, and
executive function abilities in a large group of patients to better examine the remaining
questions elucidated above. Specifically, the present study investigates the different
predictions of the various accounts, addressing whether deficits in inhibition and other
components of executive function are related to a) semantic, but not phonological, STM
deficits and b) semantic processing abilities in a large group of patients with aphasia. The
relationship between executive ability and STM retention is examined with correlational
analyses, using a variety of executive function tasks; unlike previous patient studies, the
present study includes both complex executive tasks and tasks tapping more basic
components of executive control.

The present study investigated the STM, semantic, and executive function abilities of 20
patients with aphasia to explore the relationship between measures of these abilities. All
patients were right-handed, Native English speakers, had no history of psychiatric illness,
and were diagnosed as persons with aphasia as per referring speech-language pathologists
on the basis of standardized aphasia tests such as the Western Aphasia Battery (Kertesz,
1982) and the Boston Diagnostic Aphasia Exam (Goodglass & Kaplan, 1972). With the
exception of one patient (TUBC?2), all patients experienced aphasia secondary to stroke.
Additionally, at testing, all patients were in the chronic phase, at least 12 months post brain
damage (Table 3). Patients were selected on the basis of relatively intact speech perception,
but reduced short-term memory capacities. Speech perception abilities were measured by
single-word processing tasks, including a single picture-word matching and auditory
discrimination (described in detail below); all patients performed above 80% correct on the
speech perception test and above 85% correct on the picture-word matching task, with all
patients performing at 90% correct or above on at least one of the two measures (see Table
3). Semantic and phonological retention were assessed via two probe recognition tasks — the
category probe and rhyme probe task (described in detail below). These two measures have
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been used in several studies in various labs (e.g., Barde et al., 2010; Wong & Law, 2008;
Hoffman et al., 2009; R. Martin et al., 1994; R. Martin & He, 2004) and have been found to
relate in plausible ways to phonological and semantic aspects of short-term retention (Barde
et al, 2010). Rather than classifying patients as having either a semantic or phonological
STM deficit, their performance on these two continuous measures was used to reflect the
degree to which either or both of these capacities might be affected (e.g., Barde et al., 2010).
That is, semantic and phonological patients do not have an all-or-none deficit — instead,
patients have different degrees of STM deficits. In order to improve the reliability of the
STM measures, we also tested the patients on three other STM tasks in order to develop
composite measures that would tap phonological and semantic retention capacities. The
variation in patient STM performance allowed us to investigate the relationships between
degree of semantic and phonological STM deficit and executive function abilities. Patient
background information including age at testing, years post-brain damage, education, lesion
location, and single word processing ability are shown in Table 3. All patients were tested in
multiple sessions lasting from 1 to 1.5 hrs, typically with at least one week separating
sessions. Language, STM, and semantic processing tasks took approximately two months to
complete and were administered prior to the EF tests. Once EF testing was started, it was
completed within two to six sessions (depending on the number of tasks the patient could
complete) over the course of approximately three months. Where possible, EF tasks were
completed in the same order.

Screening Assessments

Patients were selected on the basis of intact single word processing and speech perception to
rule out both factors as potential causes of patient STM deficits. Single word processing was
assessed with a single picture-word matching task and speech perception was assessed with
an auditory discrimination task.

Single picture-word matching (PWM)—In the picture-word matching task patients saw
a picture and were asked, “Isthisa____?” (shortened 54-item version of that used in R.
Martin et al., 1999). Patients indicated whether a spoken word matched the presented picture
by saying ‘yes’ (the word and picture do match) or ‘no’ (the word and picture do not match).
This task contained four conditions, representing the relationship between the word and the
picture: a correct condition (word and picture were the same, e.g., cat, cat), a semantically
related condition (cat, dog), a phonologically related condition (cat, hat), and an unrelated
condition (cat, table). The dependent variable was mean accuracy across all trials.

Auditory discrimination—In the auditory discrimination task, patients indicated whether
pairs of auditory stimuli were the same or different (N. Martin, Schwartz & Kohen, 2006).
Of the 40 items, half were pairs of words (e.g., road-road; road-rope) and half were pairs of
nonwords (/mErd/-/mErd/; /mErd/-/mErg/). Items included in the non-matching pairs
differed by one phoneme. The dependent variable was mean accuracy across trials.

Short-term Memory Measures

In addition to the category and rhyme probe tasks mentioned earlier, two standard memory
span tasks (digit span and word span) were also administered to allow performance on these
measures to be combined with rhyme and category probe performance. These tasks required
list output, consequently tapping output phonological and articulatory abilities in addition to
any input phonological and semantic STM abilities. As digits have relatively little meaning
in isolation, one might assume phonological retention would be most critical for
performance on this task. In contrast, semantic STM might play more of a role for the word
span task. A synonymy judgment task was also used as a measure of semantic STM.
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Word span—The word span task used lists drawn from a closed set of ten items, with the
lists presented in a fixed order (R. Martin et al., 1999). All items were one syllable, three-
letter words presented at an approximate rate of one word per second (for multi-item list
lengths); each list length contained ten lists. Items were presented aurally, starting with
single-item lists, anditems were repeated in serial order. Testing continued until lists correct
accuracy dropped below 50% on a given list length. Span was calculated by using linear
interpolation to find the list length at which patients would score 50% correct.

Digit span—Digit span was assessed with the forward digit span task from the WAIS-R
(Wechsler, 1981); lists were composed of digits (0-9) presented aurally at an approximate
rate of one digit per second. Patients recalled the lists in serial order. Testing started at two-
item lists, and each list length contained two trials. Testing continued until patients failed
both trials at a given list length. Span was calculated based on the last list length at which
patients maintained correct recall; if they were correct on both those trials, their span was a
whole number (e.g., 3, given they passed both trials at list length three but failed both trials
at list length four); if they failed one of those trials, their span was a decimal (e.g., 2.5, given
they passed one trial at list length three, but failed both trials at list length four).

Category and rhyme probe tasks—The category and rhyme probe tasks measured the
short-term retention of semantic and phonological information, respectively (R. Martin et
al., 1994). Testing began at one-item lists and continued until patients scored less than 75%
correct on a given list length. Each list length contained between 20 and 28 lists, half of
which were yes trials. Items in the category probe task came from 10 different categories,
with each category containing 24 items. All categories and category members were
presented before the start of the task to familiarize patients with each item’s correct category
classification. For both tasks, patients heard a list of words followed by a probe word.
Patients pressed yes if the probe item was in the same category as any items in the most
recently presented list, or no if the probe item was not in the same category as any of the list
items. In the rhyme probe task, patients pressed yes if the probe word rhymed with any
items in the most recently presented list, or no if there was no rhyme. For both tasks, span
was calculated by using linear interpolation to find the list length at which patients would
score 75% correct.

Synonymy judgment—~Patients indicated which two of three visually presented words
were synonyms by pointing to the correct pair (N. Martin et al., 2006). Across the 48 items,
all words were nouns; half of the word sets consisted of all concrete words, and half
consisted of all abstract words. The dependent variable was percent correct across all trials.

Semantic Tasks

As previously discussed, Hoffman and colleagues (2009) claim that semantic impairments
for stroke patients, including both semantic STM deficits and semantic processing deficits,
derive from executive control deficits; such control deficits impair the ability to use
semantic information in a task-appropriate manner. The present study included semantic
tasks to investigate whether their findings could be replicated, and if so, determine whether
the nature of the control deficits could be better specified.

Picture naming task (PNT)—Patients named a 30-item subset (Walker & Schwartz,
2008) of individually presented pictures from the Philadelphia Picture Naming Test (Roach,
Schwartz, N. Martin, Grewal & Brecher, 1996). Short-form items are matched in lexical
property distributions of the full, 175-item PNT. The dependent variable was proportion
correct, using patients’ first response.
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Single picture-word matching (PWM)—Task description was detailed under Screening
Assessments. For the present purposes, this task served as both a screening measure for
single-word processing ability, as well as a measure of semantic knowledge.

Peabody Picture Vocabulary Test-R (PPVT, Form-L)—The Peabody Picture
Vocabulary Test-Revised (Dunn & Dunn, 1981) is a standardized word-to-picture matching
test that assesses vocabulary. Patients heard a spoken word and chose the correct
corresponding picture from one of four pictured alternatives. As per standard administration,
testing was continued until six errors were made over eight consecutive trials. Standard
scores were estimated based on normed data for forty-year old adults.

Pyramids and Palm Trees (PRYPT)—Pyramids and Palm Trees (Howard & Patterson,
1992) is a published test of semantic knowledge; in the picture subtest (used here), three
pictures are displayed in a match-to-sample format. Patients pointed to the single picture
deemed to be associated with the sample; there were 52 items. The dependent variable was
percent correct. In contrast to the other semantic processing measures, the PRYPRT does not
involve verbal processing. The claims of Jefferies and Lambon Ralph (2006) and Hoffman
et al. (2009) about control deficits concern the processing of amodal semantic
representations and thus executive function deficits should result in poor performance on
both verbal and nonverbal semantic tasks.2

Complex Executive Function Tasks

To measure executive function abilities, patients performed both complex and simple
executive function tasks. Complex executive tasks, such as the Wisconsin Card Sorting Task
(Heaton, Chelune, Talley, Kay, & Curtiss, 1993) and the Tower of Hanoi (Simon, 1975),
have traditionally been used to access frontal lobe function in patients thought to have
dysexecutive syndrome (e.g., Baddeley & Wilson, 1988). As previously mentioned,
complex tasks may tap more than one executive function and may also make demands on
STM and language abilities (e.g., Baddeley, 1996; Baldo et al., 2005; Baldo et al., 2010;
Handley, Capon, Copp, & Harper, 2002; Miyake et al., 2000). Hoffman et al. (2009) used a
variety of complex tasks, including executive/attention tasks and a non-verbal intelligence
task to assess the executive ability of their two patients with semantic STM deficits. The
present study included two traditional complex executive tasks in order to provide a
comparison with the findings of Hoffman and colleagues.

Wisconsin Card Sorting Task (WCST)—Patients performed a computerized version of
the Wisconsin Card Sorting Task (Heaton et al., 1993; adapted from Miyake et al., 2000). In
this task, patients sorted a target card into categorized piles according to different sorting
rules. A single target card, which changed on every trial, was displayed below four piles
(Figure 1, top). To sort a target card, patients moved the mouse and clicked on the pile into
which they wanted to place the target card. Target cards were sorted according to three
criteria: shape (circle, square, star, or cross), number (1, 2, 3, or 4), or color (red, blue,
yellow, or green). The correct sorting criterion was determined by placing a card onto a pile
and receiving feedback: the words “RIGHT” or “WRONG” appeared below the most
recently sorted card to indicate whether the target was correctly sorted. If correct, patients
continued sorting by that category (shape, color, or number) until they made an error. The
sorting criterion changed after patients correctly sorted eight consecutive target cards. The

2Although the synonymy judgments and PYRPT test are similar in requiring processing the relations among three items, the
synonymy triples had greater STM demands because subjects had to determine which of the three items were most related and thus
had to consider three possible pairs of relations. In contrast, in the PYRPT task, subjects only had to consider two relations — that
between the sample and the two possible choices.
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task continued until either 15 categories were correctly completed, or a total of 288 cards
were sorted; there was no time limit. Patients first performed practice trials with
experimenter instruction and feedback. The dependent variables were the number of
categories completed (out of 15 possible) and the total number of perseverative errors.
Perseverative errors were defined as the continued sorting by a category that was no longer
correct.

Tower of Hanoi (TOH)—Patients performed a computerized version of the Tower of
Hanoi task (Simon, 1975; adapted from Miyake et al., 2000). In this task, patients saw three
pegs and four disks of consecutive sizes (Figure 1, bottom). Patients saw the initial disk state
on the computer screen and the goal state of the disks on a piece of paper. Their task was to
move the disks from the initial state to the goal state in as few moves as possible by clicking
on a disk and dragging it to a different peg while abiding by three rules. First, disks could
only be moved one at a time. Second, disks always had to be moved onto pegs (as opposed
to being left in mid-air). Third, larger disks could not be placed on top of smaller disks.
These rules required some counterintuitive moves, such as temporarily moving a disk away
from its final target location. Patients first performed two practice trials, each of which
involved arranging three disks. After practice, patients performed four critical trials, each
with four disks to arrange. There was no time limit. The dependent variable was the total
number of moves taken to reach the goal state across the four trials.

Simple Executive Function Tasks

While the complex tasks tap a variety of cognitive processes, simple executive tasks are
argued to measure primarily a single component of executive control (Miyake et al., 2000).
Thus, performance on simple executive function tasks should provide information on the
nature of global executive impairments, and any relation this impairment may have with
STM and semantic processing. Also, whereas some patients may be unable to perform or
have great difficulty with complex executive tasks, most patients were able to complete at
least some of the simple executive tasks. In the present study, we included measures of the
inhibition, updating, and shifting components of executive function, similar to Miyake et al.
(2000). Where indicated below, some patients received shortened versions of the simple
executive function tasks due to time constraints associated with off-site testing.

Inhibition Tasks

Verbal Stroop task—In the verbal Stroop task (Stroop, 1935; adapted from Miyake et al.,
2000), patients saw a series of words (RED, GREEN, BLUE, PURPLE, ORANGE, or
YELLOW) or strings of asterisks in the center of the screen. The words or asterisks were
presented in the color red, green, blue, purple, orange, or yellow. Patients named the color of
the string as quickly as possible while ignoring the string’s written text. Iltems appeared in
one of three conditions: incongruent (word RED in blue ink, 42% of trials), congruent (word
RED in red ink, 8% of trials), and neutral (string of asterisks in blue ink, 50% of trials). The
standard version of this task contained 154 items; the shortened version contained 76 items.
Patients completed practice trials and voice key calibration for recording response times
(RTs; in milliseconds). The experimenter recorded errors and responses were recorded
digitally. The dependent variable was the log-transformed Stroop interference effect,
measured as the difference between incongruent and neutral trials in RTs.

Spatial Stroop task—The spatial Stroop task (Hamilton & R. Martin, 2005; similar to
Clark & Brownell, 1975) was used as a nonverbal analogue of the original Stroop task
(Stroop, 1935). Patients saw a left- or right-pointing arrow on the left, center, or right side of
the computer screen. Patients pressed a button according to the direction the arrow was
pointing while ignoring the arrow’s location. Similar to the standard Stroop task, trials were
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incongruent, congruent, or neutral. On incongruent trials, the direction of the arrow did not
match the arrow’s location (right-facing arrow on the left side of the screen). On congruent
trials, the direction of the arrow matched the arrow’s location (right-facing arrow on the
right side of the screen). On the neutral trials, the arrow was displayed in the center of the
screen. Patients completed practice trials to acquaint themselves with the correct buttons;
following practice, all patients completed 240 trials. The dependent variable was the RT
interference effect, measured as the difference between the incongruent and neutral trials.

Picture-word interference task (PWI)—lIn the picture-word interference task (e.g.,
Lupker, 1979; Schriefers, Meyer & Levelt, 2002), patients saw a picture with a super-
imposed word in the center of the computer screen. Half of the picture/word pairs were
related (i.e., from the same category) and half were unrelated; all distractor words were
items not pictured for naming. Prior to beginning the PWI task, patients were exposed to the
pictures in two practice trials. They first named the picture while seeing both the picture and
the correct name; they then practiced naming the same pictures without the correct name.
For non-practice trials, patients were instructed to ignore the super-imposed word and name
the picture as quickly as possible. Pictures were presented in two blocks (90 items/block),
and each picture was seen in both related and unrelated conditions. The proportional
interference effect, measured as the RT difference between related and unrelated trials
divided by the unrelated RT, served as the dependent variable.

Recent negatives probe task—In the recent negatives probe task (e.g., Monsell, 1978),
patients heard a list of words followed by a probe word and indicated whether the probe
word was in the previous list; all patients completed 96 items. On positive trials, the probe
word was presented in the most recently presented list (list n). On recent negative trials, the
probe word was not presented as an item in the most recent list (list n), but in the previous
trial (list n-1). On non-recent negative trials, the probe word was not presented as an item in
the most recent list (list n), nor in any of the previous five lists. It takes more time to reject a
recent negative, relative to a non-recent negative, suggesting proactive interference from
more recently presented information (D’Esposito, Postle, Jonides & Smith, 1999; Jonides,
Smith, Marshuetz, Koeppe & Reuter-Lorenz, 1998). The dependent variable was the
difference between two sensitivity (d’) measures: one for the sensitivity for correctly
rejecting non-recent negative items (calculated using performance on positive and non-
recent negative trials) and one for the sensitivity for correctly rejecting recent negative items
(calculated using performance on positive and recent negative trials). Using the difference in
sensitivity between the two trial types allowed us to account for overall performance on all
trial types.

Updating Tasks

Verbal and nonverbal 1-back tasks—The verbal 1-back task (Hull, Martin, Beier,
Lane, & Hamilton, 2008) required patients to continually monitor a stream of individually
presented letters. Similarly, the nonverbal 1-back task required patients to continually
monitor a stream of individually presented tones. Patients pressed the spacebar when the
stimulus of the current trial was exactly the same as the stimulus of the immediately
previous trial (i.e., the trial 1-back). In both tasks, practice trials preceded experimental
trials; all patients completed 60 items/task. Additionally, before beginning the nonverbal
task, patients were exposed to the five tones used in this task. The dependent variable was
percent correct, calculated as the sum of the proportion of misses and false positives. While
performance on 2-back versions of these tasks was attempted, many patients performed at
floor on these tasks and thus testing was discontinued.
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Verbal and nonverbal keep-track tasks—In the verbal keep-track task (Hull et al.,
2008), patients were first shown six categories (animals, colors, countries, distances, metals,
relatives) and four familiar exemplars from each category, being told they should be able to
identify the category to which an item belongs. In the verbal keep-track task, patients saw a
target category that remained on the screen for the duration of the trial. Presented below the
visually presented category were 16 individually presented items from the previously
specified categories. Patients remembered the last item from the target category, requiring
that the contents of working memory be modified each time a new item in the target
category was presented. In the nonverbal keep-track task, patients saw four quadrants (one
quadrant in each corner of the computer screen). Patients saw a target color patch and their
goal was to keep track of the last location in which that target color appeared. Over the
course of one trial, 16 individually presented color patches (either red, blue, yellow, or
green) appeared serially in different quadrants. For both the verbal and nonverbal keep track
tasks, patients were given several practice trials with feedback. The standard version
contained 40 items; the shortened version contained 20 items. The dependent variable was
percent correct. Trials on which subjects had to retain the identity of the last member of two
separate categories or the last location of two different colors were also attempted. However,
as with the 2-back tasks, patient performance was very poor on the more difficult tasks and
data from those tasks were not analyzed further.

Shifting Tasks

Plus-minus task—The plus-minus task (Jersild, 1927; Hull et al., 2008) was a paper and
pencil task that consisted of three blocks. In each block, 30 two-digit numbers were
presented in a column. In the first block, patients added 1 to each two-digit number. In the
second block, patients subtracted 1 from each two-digit number. In the third block, subjects
alternated between adding and subtracting 1 from each two-digit number. Practice trials
were administered for each block, and the experimenter used a stopwatch to record the time
(in seconds) taken to complete each block. The dependent variable was the switch cost,
measured by subtracting the mean (RT) on the single task blocks from the total time for the
alternating block.

Cued shifting—In the cued shifting task (e.g., Jersild, 1927; Rogers & Monsell, 1995),
patients completed one of two tasks: in the “Life” task, patients judged whether the referent
of a word was living (e.g., elephant) or non-living (e.g., spoon); in the “Size” task, patients
judged whether the referent of a word was small (e.g., spoon) or large (e.g., elephant). On
each trial, a cue indicating which of the two tasks should be performed was presented in
black font 650 ms prior to target onset; following this 650 ms cue-stimulus interval, the
target was presented in red font. This was a computerized task consisting of three blocks. In
pure blocks, patients performed a single task based on the cued category (either “Life” or
“Size”). In the mixed block, patients alternated between performing the “Life” and “Size”
tasks using an alternating runs paradigm (e.g., AAAABBBBAAAA; Rogers & Monsell,
1995). In the standard version, each patient completed three sets, with each set containing
two pure blocks and one mixed block; each set used a different cue-stimulus interval. For
this version, only data from the 650 ms cue-stimulus interval was used; pure blocks
contained 64 items and the mixed block contained 128 items. In the shortened version,
patients received only one set (2 pure blocks, 1 mixed block at the 650 ms cue-stimulus
interval); each pure block contained 84 items and the mixed block contained 152 items.
Global switch costs (Jersild, 1927) served as the dependent variable, and were calculated by
subtracting the mean RT for the two single task blocks from the mean RT for the mixed task
block. Global switch costs are argued to measure the manipulation of multiple tasks in
working memory.
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Results

Patient Performance on STM and Semantic Tasks

The category probe, synonymy judgments, and word span tasks were hypothesized to
measure semantic retention, while the rhyme probe and digit span tasks were hypothesized
to measure phonological retention. Accuracy on the PNT, PWM, and PRYPT tasks and
standard score on the Peabody Picture VVocabulary Test were used as measures of semantic
processing. Patient performance on the STM and semantic tasks is shown in Table 4.

As indicated in Table 4, patients showed a wide range of performance on both STM and
semantic tasks. As an example, category probe spans range from 1.67 to 5 items, while
rhyme probe spans range from 1.31 items to 6.97 items, indicating large individual
variability in short-term retention, as well as varying degrees of semantic and phonological
retention deficits. As can be seen by comparing the category and rhyme probe spans of
various patients, some patients have reduced semantic and phonological STM spans, while
others show more clear semantic or phonological retention deficits. For example, patient SH
has a category span of 3 items and a rhyme probe span of 2 items, suggesting an impairment
in both semantic and phonological retention (relative to normal). In contrast, patient TUHNS8
has a category probe span of 2.93 items, but a much larger rhyme probe span, 6.97 items.
Patients also showed various degrees of impairment on semantic processing tasks. Critically,
this variability in STM and semantic ability enabled us to investigate executive skill as it
relates to a continuum of STM and semantic impairments.

Correlations Between STM Measures and Semantic Processing Measures

We used a correlational analysis (using Pearson product-moment correlations) to investigate
the relationship between STM and executive function, as well as semantic assessments and
executive function. Prior to doing so, we reduced the data by combining tasks tapping a
single process into composite measures. These composite scores should have greater
reliability and validity in tapping the underlying mental construct than measures derived
from a single task (Nunnally & Bernstein, 1994; Wainer, 1976).

Correlations among STM measures—We first investigated the relationships among
the five STM measures. Of particular interest were the correlations between tasks
hypothesized to tap semantic retention (category probe, synonymy judgments, word span)
and tasks hypothesized to tap phonological retention (rhyme probe, digit span). As would be
expected of measures proposed to tap separate STM buffers, Barde and colleagues (2010)
found a low correlation between category and rhyme probe performance in their sample of
20 patients with aphasia. Additionally, the two probe measures correlated in theoretically
predicted ways with phonological similarity effects and lexicality effects in STM. In the
present analyses, we looked at the pairwise correlations of category and rhyme probe with
each of the other STM measures (Table 5).

As shown in Table 5, the correlation between the category and rhyme probe tasks was small
and non-significant. Given these tasks have similar design, memory, and response
requirements, it can be hypothesized that the lack of correlation between these two tasks
represents a difference in processing requirements — specifically the retention of semantic
vs. phonological information. The category probe task, which is hypothesized to measure
semantic retention, was not significantly correlated with any of the other STM measures,
though the correlation with synonymy triples was marginal (p=.10). In contrast, the rhyme
probe task, which is hypothesized to assess phonological retention, correlated significantly
with both the digit span task (as predicted) and the word span task. The correlation between
the rhyme probe and word span task was not predicted, but may result from the materials
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used in this task. That is, this task utilized a closed set of ten, one-syllable, three-letter
words. The repetition of these words and the need to recall them in order may have
encouraged patients to rely on phonological retention (similar to digits, for example), as
opposed to utilizing the semantic features inherent in words.

We also carried out multiple regressions in which single STM measures were regressed on
both category and rhyme probe to determine the independent contribution of each measure
while controlling for the other; predictors were entered into the model simultaneously. The
multiple regression results are shown in Table 6. As can be seen in the table, synonymy
judgment was significantly predicted by a combination of the category and rhyme probe
measures with a significant positive contribution of category probe and a significant
negative contribution of rhyme probe, suggesting the rhyme probe measure is acting like a
suppressor variable. When the contribution of phonological storage to performance on the
synonymy judgments task is statistically factored out, the relation between category probe
and synonymy triples increases and becomes significant. (Equivalently, the partial
correlation between synonymy triples and category probe with rhyme probe partialled out
is .50 (p=.03), which is greater than the pairwise correlation of synonymy triples and
category probe (r= .38, p=.10.) For both the digit and word span measures, only the
regression weights for rhyme probe were significant. Thus, there was no independent
contribution of category probe to either digit span or word span.

The results of these correlational and regression results suggest that we have two STM
measures tapping semantic retention (category probe and synonymy judgment) and three
STM tasks tapping phonological retention (rhyme probe, word span, digit span). In order to
reduce the data, we computed two composite scores: a semantic STM composite consisting
of the category probe and synonymy triples measures3 and a phonological STM composite
consisting of the rhyme probe, word span, and digit span measures. To compute these
composites, z-scores for each of the measures were calculated; these z-scores were then
averaged across the variables going into the composite. The correlation between the
semantic and phonological STM composites was near zero (= .007). For the remainder of
the paper, these composites will be used to relate to performance on semantic tasks and
executive function.

Relations among semantic measures and their correlation with STM measures
—We investigated the relationships between the four semantic processing measures,
anticipating that all would be at least moderately correlated with each other (Table 7). This
proved not to be the case. While the PPVT and PYRPT tests were highly correlated and the
PNT and PWM were highly correlated, correlations between the variables across these two
sets failed to reach significance. The lack of correlations across these two sets indicates that
there are dimensions across which the two sets differ. The PNT and PWM could be argued
to have an important phonological component, as the PNT requires producing a name, and
some of the trials on the PWM task involved phonologically related distractors. In contrast,
neither the PYRPT or the PPVT tasks require retrieval of phonological representations for
production, nor do phonologically related distractors appear in these tasks. Moreover, both
the PPVT and PYRPT make greater demands on both working memory and reasoning. For
the PPVT, many of the more difficult items are abstract words or adjectives, with the choice
of the correct picture requiring some degree of inference (e.g., selecting which of four action
pictures represents the word “laminated”) rather than straightforward object-name matching
as in the PWM task. Similarly, for the PYRPT task, it is necessary to determine the

3instead of using the synonymy triples measure, one might instead use the residuals in this measure after factoring out the contribution
of rhyme probe. However, the correlation between a composite using the synonymy triples directly and one using the residuals was
very high (r=.98). Thus, using the synonymy triples directly was employed as it is more straightforward to explain and compute.
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appropriate relation for judging which of two pictures is more related to the target picture
(e.g., selecting a “canoe” over a “rowboat” picture as related to the target picture “Eskimo”).

Because of the pattern of correlations, two separate semantic composites were calculated —
one combining the z-scores for the PNT and PWM and the other combining the z-scores for
the PPVT and PYRPT. We assessed the correlation between these composites and the
phonological and semantic STM composites. In line with our reasoning above, we found
that the first composite (PNT + PWM) correlated highly with the phonological STM
composite (r= .64, p=.003) but not with the semantic STM composite (r=-.03, p=.91).
The reverse was found for the second composite (PPVT + PYRPT), as the correlation with
the phonological STM composite was non-significant (r= .14, p=.58) whereas the
correlation with the semantic STM composite was high and significant (r= .60, p=.001).
Because the claims of Hoffman and colleagues (2009) relate to amodal semantic processing
rather than access to lexical or phonological representations from semantics, we decided to
use only the second semantic composite involving the PPVT and PPYRT as our measure of
semantic processing ability.

Relations between STM and Semantic Processing and Complex Executive Function Tasks

Patient performance on the EF tasks is shown in Table 8, including patient means and ranges
for each task; additionally, means and ranges for healthy older adult subjects are included
for reference. Using the EF data, we next investigated the relationship of STM and semantic
processing with complex executive tasks. That is, if semantic STM and semantic processing
deficits result from a deficit in semantic control, as proposed by Hoffman et al. (2009), we
would predict that semantic STM and semantic processing measures would be significantly
correlated with performance on complex EF tasks. The correlations are shown in Table 9.
Also indicated in Table 9 is the number of patients included in the correlations involving the
complex EF tasks; for these tasks, the Aincluded is less than the total number of patients
because many patients were simply unable to complete these tasks.4

As can be seen in Table 9, performance on the semantic STM composite did not correlate
significantly with any of the global executive function measures, with two of three
correlations being close to zero and the third going in a direction opposite that predicted.
However, performance on the semantic processing composite correlated significantly or
marginally so with each of the global executive function measures. (Although two of these
three measures of executive function were of only marginal significance, the combined
probability of the null hypothesis assuming independence of the measures is .01 (X2(6) =
16.93; Winer, 1971) given the three observed probabilities.) The failure to find a relation
between the executive function measures with the semantic STM composite goes against the
claims of Hoffman et al. (2009), as performance on semantic STM tasks was attributed to
semantic control abilities — which is presumed to be related to executive function ability. On
the other hand, the relation between semantic processing per se and the complex EF
measures is in line with their hypothesis. One might then ask what aspect of executive
control would be in common across the two complex EF task and the two semantic
processing tasks that go into the semantic processing composite. One might hypothesize that
general reasoning abilities are required in all of these tasks. This issue will be addressed in
the next section by considering the relation between semantic processing and the simple EF
tasks for which reasoning ability is less critical.

4Because of the inability of some patients to complete complex EF tasks, we also examined complex EF task correlations with
missing values filled in with estimates of performance at the extremes of the scales. For the number of categories sorted in the WCST,
we assigned 1 to the missing values; similarly, for the TOH, we assigned a maximum value for the number of moves. Filling in these
missing values did not alter the pattern of correlations from that reported above, with the exception that the correlation between the
TOH and STM measures was closer to zero.
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The only other significant correlation in Table 9 was that between the phonological STM
composite and the WCST categories measure. The significant correlation between
phonological STM and the WCST is consistent with previous findings from Baldo et al.
(2005) and Dunbar and Sussman (1995) suggesting a role for verbal abilities in the WCST.
Consistent with the arguments of these authors, we conclude that phonological STM
contributes to successful task performance — for instance, aiding in keeping in mind the
names of the dimensions along which matching is carried out. The fact that the correlation
between phonological STM and the TOH and the correlation between the semantic STM
composite and the WCST were smaller and non-significant are consistent with the notion
that there is specifically a phonological storage component to the WCST.

Relations between STM and Semantic Processing and Simple Executive Function Tasks

Although relations with the two complex EF tasks were not consistent with general
executive function deficits causing semantic STM deficits, it is possible that such relations
might be observed for more specific components of executive function.

Patient performance on the simple EF tasks is shown in Table 8; intercorrelations among all
of these tasks are shown in the Appendix. As can be seen in the Appendix, the updating
measures all correlated with each other at fairly high levels with the exception of one
correlation between the nonverbal keep track and the nonverbal 1-back tasks. Thus, all four
updating measures were combined into a single updating composite by combining the z-
scores for the four measures. The inhibition measures showed moderate intercorrelations
with the exception of the verbal Stroop effect. In fact, the correlation between the verbal and
nonverbal Stroop measures actually went in the wrong direction. As discussed elsewhere (R.
Martin & Allen, 2008), the standard Stroop measure may not be a very useful measure of
inhibition for patients with aphasia, given that these patients often have difficulty with color
naming. Thus, the inhibition composite was calculated by combining the z-scores for the
nonverbal Stroop, picture-word interference, and recent negatives task. The two shifting
measures showed only a modest correlation with each other.® Thus, those two were not
combined.

Table 10 shows the correlations between simple EF measures and measures of STM,
semantic processing, and complex EF. In considering these correlations, the number of
correlations and the small sample size should be taken into account in evaluating the
strength of the findings. Clearly, further studies would be needed to ensure that the patterns
of correlations reported here could be replicated. Nonetheless, it is the case that the findings
across the global EF (Tables 9) and simple EF tasks (Table 10) point to similar conclusions,
as elaborated below. As indicated in Table 10, the inhibition composite did not correlate
significantly with either the phonological or semantic STM measures or the semantic
processing measure. It did correlate marginally, however, with the number of perseverations
in the WCST. Such a correlation is interesting because a failure to inhibit prior response
selection (i.e., previously relevant categories) could plausibly lead to increased
perseverations. The updating composite correlated with the phonological but not the
semantic STM measure, which is consistent with the notion that subjects used a rehearsal
strategy to maintain information during the updating tasks. If the updating measures
represented a general ability to update all types of information in working memory, a
correlation between updating and the semantic composite should have been obtained as well.
Updating also correlated with the performance on the WCST and the TOH, similar to the
findings obtained by Hull et al. (2008) for a large group of healthy older subjects. The plus-

SThe plus-minus task also failed to correlate with other shifting measures in a large executive function study of older adults (Hull et

al., 2008).
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minus task measure of global switch costs failed to correlate with any of the measures. The
cued shifting measure, in contrast, was marginally correlated with WCST perseverations and
significantly correlated with performance on the Tower of Hanoi. The relation to
perseverations makes intuitive sense, as perseverative errors could result from both a failure
to switch and a failure to inhibit. The relation to the TOH is less transparent, but it is
possible that shifting ability is related to the ability to make counterintuitive moves away
from the goal-state, which is required for solution of the puzzles (Bull, Espy, & Senn, 2004;
Sorel & Pennequin, 2008).

Overall, the pattern of correlations between the simple executive function measures and the
STM measures were in line with those found for the global EF measures: phonological
STM, which was related to the WCST categories measure, was also correlated with the
updating measure. Further, the updating measure was significantly correlated with the
WCST. This suggests that both WCST performance and updating abilities rely to some
extent on the retention of phonological information in STM. In contrast, the semantic STM
composite did not correlate significantly with any of the simple or complex EF measures,
contrary to the prior suggestions of Hamilton and R. Martin (2005, 2007) and Hoffman et al.
(2009). Thus, a causal role for executive control or specifically inhibition in the capacity for
short-term semantic retention can be ruled out. The findings could be accommodated,
however, by the approach of Barde et al. (2010), which does not assume a role for executive
function in semantic STM deficits. Interestingly, the semantic processing composite
correlated significantly with all three of the complex EF measures, but did not correlate
significantly with any of the simple EF measures. However, some of the correlations
between semantic processing and simple EF measures are in the .30 - .40 range, which
might become significant with larger sample sizes.

Discussion

The present study examined the relationship of executive control with semantic STM
deficits, semantic processing, and phonological STM deficits. Motivated by hypotheses
proposing a critical role for executive control in semantic STM deficits and semantic
processing abilities, this research extended previous work by investigating a large number of
patients on an extensive STM, semantic processing, and executive function battery. While
Hamilton and R. Martin (2005, 2007) and Hoffman and colleagues (2009) have suggested
that executive control plays a critical role in the cause of semantic STM deficits, Barde and
colleagues (2010) have proposed an alternative account that does not hinge on executive
control impairments. Additionally, we also included patients with phonological STM
deficits to examine the relationship between phonological STM and executive control.

Semantic STM and Executive Function

As shown in Table 1, previous work by Hamilton and R. Martin (2005, 2007) and Hoffman
et al. (2009) predicted a relationship between executive control and semantic STM deficits,
as both groups of researchers have proposed a critical role for executive function as the
source of semantic STM deficits. Specifically, Hamilton and R. Martin’s account predicted
that semantic STM should be related to inhibition, while the account of Hoffman and
colleagues predicted that semantic STM should be related to all aspects of executive control.
Contrary to both proposals, however, the semantic STM composite did not correlate
significantly with any complex (Table 9) or simple (Table 10) measure of executive
function. Thus, the present results suggest no relationship between semantic STM deficits
and executive control abilities. The lack of relationship between semantic STM and aspects
of executive function supports alternative views of semantic STM deficits, such as that
proposed by Barde et al. (2010). As discussed in the introduction, Barde et al. posit a
reactivation account, which explains interference effects in both semantic and phonological
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STM deficit patients on the basis of incremental changes to lexical items due to their
presentation in the memory lists. In this model, both semantic and phonological STM
deficits result from an overly rapid decay of information (see also R. Martin et al., 1994),
leading to difficulty in distinguishing between currently relevant and reactivated (via
spreading activation to semantically and phonologically related information) representations.
Such an account is consistent both with STM accounts that posit STM buffers for the short-
term maintenance of information (e.g., R. Martin et al., 1994) and those that posit STM as a
temporarily activated portion of long-term memory (e.g., N. Martin & Saffran, 1997).

Additionally, the present results extend those of Barde and colleagues (2010). Barde et al.
asserted that their data did not rule out a less parsimonious alternative, in which inhibitory
deficits contribute to their interference effects by operating at different stages. In this
alternative, interference effects are caused by both modality-specific maintenance deficits
and an inability to inhibit inappropriately activated representations. However, the present
results speak against this possibility, as we found no relationship between either semantic or
phonological STM capacity and inhibition.

Semantic Processing and Executive Function

As shown in Table 1, Hoffman et al.’s (2009) position regarding semantic control deficits in
stroke patients predicted a relation between semantic processing and measures of EF
whereas R. Martin and colleagues’ (e.g., Hamilton & Martin, 2007; Martin, 2007) and Barde
etal.’s (2010) approach to semantic STM deficits predicted no necessary relation in this
regard. The results provided support for Hoffman et al.’s (2009) position as a correlation
between complex EF measures and the semantic processing compaosite was obtained.
Specifically, the semantic processing composite, which included performance on the PPVT
and the PYRPT tasks, was correlated with performance on both the WCST and TOH (the
complex EF measures). Given that the EF measures were related to semantic processing per
se, and the semantic processing and semantic STM composite were highly correlated, the
absence of a relation between semantic STM and the EF measures is intriguing. One
possible explanation comes from a recent study by Oberauer and colleagues (Oberauer, SUR,
Wilhelm, & Wittman, 2008). These authors have proposed that working memory capacity is
broken down into three components — storage, relational integration, and supervision — and
they argue that the relational integration component is most related to fluid intelligence.
More specifically, relational integration consists of the ability to identify new relations
between elements and thereby create new structured representations (Waltz et al., 1999).
Given the type of tasks included in the semantic STM composite, one might hypothesize that
our semantic STM composite predominately reflects semantic storage capacity. On the other
hand, the semantic processing composite might predominately reflect relational integration,
given the nature of the tasks that went into this composite. That is, both the PPVT and the
PRYPT require the ability to reason about the appropriate semantic relations between
picture choices. Additionally, we found a correlation between the semantic STM composite
and semantic processing composite because semantic storage and relational reasoning play a
role in each; however, storage predominates in the STM measures and relational reasoning
dominates in the semantic composite measure. As suggested by the findings from Waltz et
al. (1999), the relational reasoning component also plays an important role in complex
executive function tasks like the WCST and the TOH. As a consequence, we observed a
relation between the semantic processing composite and the complex executive function
measures. No such correlations were obtained between semantic processing and simple EF
measures, as these component EF tasks did not place heavy demands on relational
reasoning. Thus, the present findings lend partial support to the hypotheses of Hoffman and
colleagues (2009): some aspects of semantic processing do appear to involve executive
control, specifically relational reasoning. More specifically, it may be that relational
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integration is an important factor in the control of semantic information (Jefferies et al.,
2006), used to determine how semantic information should be used on a basis of task-related
demands.

Phonological STM and Executive Function

The phonological STM composite also correlated with aspects of executive control,
specifically the updating composite and the WCST (number of categories sorted). The
relation between phonological retention and updating seems highly reasonable in that
subvocal rehearsal is very likely involved in the updating tasks. Similarly, the relation
between the WCST and the phonological STM composite would most likely be explained in
a similar way, with phonological retention and rehearsal being used to support performance
on this task. For example, phonological rehearsal could be used to keep in mind either the
set of possible dimensions or the currently relevant sorting dimension. Thus, rather than
executive function abilities being a causal factor in determining phonological retention
capacity, we instead suggest that phonological retention supports performance on various
measures of executive function, especially those with a verbal component. Supporting this
line of reasoning is the fact that the phonological STM composite did not correlate with
performance on the TOH task or the inhibition measure. For these tasks, a role for
phonological retention and subvocal rehearsal seems less likely.

The results showing a relation between phonological STM and EF abilities are not the first
to suggest that patient executive function abilities are dependent on more basic cognitive
resources (e.g., Baldo et al., 2005, 2010). Baldo and colleagues have suggested that complex
problem solving depends on intact language abilities. Specifically, they found language
abilities to be a good predictor of both WCST performance (Baldo et al., 2005) and
relational integration performance (Baldo et al., 2010) in patients with aphasia. Additionally,
using voxel-based lesion symptom mapping (VLSM), Baldo et al. (2010) found relational
reasoning performance to be associated with lesions to core language areas, including the
left middle and superior temporal gyri. Consistent with the present results, relational
reasoning was also associated with a smaller region in the left inferior parietal cortex (BA
40), an area associated with phonological STM (e.g., Baddeley, 2003; R. Martin, Wu,
Freedman, Jackson, & Lesch, 2003; Romero, Walsh, & Papagno, 2006). In relation to the
present study, this is in line with our correlation between phonological STM and aspects of
executive control. Additionally, a number of studies have also suggested a supportive role
for aspects of phonological STM in EF tasks. For example, Lehto (1996) found significant
correlations between WCST and both simple and complex span measures in normal
participants. Additionally, non-brain damaged participants perform significantly worse on
the WCST under conditions of articulatory suppression, in which phonological rehearsal is
disrupted (Baldo et al., 2005, Experiment 2; Dunbar & Sussman, 1995). These findings
strongly suggest that at least one aspect of phonological STM — subvocal rehearsal — plays
an important role in complex tasks such as the WCST, and other executive tasks with a
verbal component, such as updating. In contrast, Lehto (1996) found no significant
relationship between TOH and simple or complex capacity measures, similar to the present
study. Unlike the WCST, it seems likely that the TOH does not depend on verbal processes,
such as language and verbal STM. Future studies could use VLSM to provide converging
evidence regarding the proposed relations (or lack of relations) between semantic and
phonological STM, semantic processing, and aspects of executive function.

Previous work on the shifting component of EF has found a relation between phonological
STM and shifting; however, this evidence indicates that the phonological loop is utilized in
efficient task switching when tasks are not explicitly activated by an explicit cue (e.g.,
Baddeley, Chincotta, & Adlam, 2001; Emerson & Miyake, 2003). That is, when the cue
unambiguously indicates which task is relevant on a given trial, phonological STM
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resources play little role; in contrast, when the cue is arbitrary, such that it does not
automatically activate the relevant task (e.g., with nonsense symbols such as %%% serving
as the cue for the “Life’ task, or no cues at all), phonological STM resources do play a role
in task switching. Thus, in the present study, an absence of a relation between phonological
STM and cued shifting is not surprising, given that this task had minimal STM demands: on
each trial, patients saw not only the target but also an explicit cue which indicated which
task should be performed on that trial. Thus, patients did not have to use STM resources to
keep track of the current task set. Along similar lines of reasoning, however, the lack of
relation between the plus-minus task and phonological retention was surprising and not
predicted by previous research. In contrast to the cued shifting task, the plus-minus task is
not cued; instead, patients are required to keep track of the relevant task being performed on
each trial in the mixed block — and thus we would have expected phonological STM to be
important. One possible explanation for the lack of correlation between this task and the
measure of phonological STM is the requirement for arithmetic computations. It may be
possible that the simple arithmetic required by this task utilized phonological STM resources
(Andersson, 2007; Lee & Kang, 2002), wiping out other phonological STM contributions to
task performance.

Broader Implications

Sentence processing—We can also ask what our findings imply for language
processing beyond the single word level. Many previous studies in our lab have established
an important role for semantic storage capacity in sentence comprehension and production
(Martin & He, 2004). Based on some case study results, we hypothesized that a semantic
STM deficit was related to an ability to inhibit irrelevant information and suggested some
ways that our prior sentence processing results might be re-interpreted in terms of an
inhibition deficit (R. Martin, 2007). However, the current findings (and those from Barde et
al., 2010) suggest that there is no necessary relation between a semantic STM deficit and an
inhibition deficit. Consequently, a semantic storage deficit per se may likely be the source of
the sentence processing deficits we observed. Nonetheless, it remains possible, that
executive function deficits involved in inhibition or the control of attention play a role in
some aspects of sentence processing — in situations in which a predominant meaning or
preferred syntactic structure must be suppressed and an interpretation developed based on a
subordinate meaning or less frequent structure (Novick, Trueswell, & Thompson-Schill,
2005; Vuong & R. Martin, 2011). A high-level function like relational integration may not
be important in such aspects of language processing, though it plausibly would be in
reasoning about discourse (see Coelho, Liles & Duffy, 1995).

Assessment and rehabilitation—In recent years, aphasia rehabilitation research has
witnessed a surge of interest in the role of non-linguistic cognitive processes in the treatment
of language disorders. Aphasia is almost invariably accompanied by some degree of verbal
STM impairment. Some aphasia tests in development include repetition span tasks designed
specifically to assess span capacity (Marshall & Wright, 2007; N. Martin, Kohen &
Kalinyak-Fliszar, 2010), and some treatment protocols specifically aim to improve STM
capacity (e.g., Francis, Clark, & Humphreys, 2003; Kalinyak-Fliszar, Kohen, & N. Martin,
in press; Majerus, Van der Kaa, Renard, Van der Linden, & Poncelet, 2005). Executive
function is another domain of cognitive abilities that has been recently recognized as critical
to language function (Keil & Kaszniak, 2002) and therefore, worthy of consideration in
rehabilitation of language impairments. The findings reported here suggest that semantic
STM deficits are separable from executive function deficits and thus treatment directed at
the two would be different. With respect to the role of executive function in treatment of
language deficits, the importance of executive function deficit may depend to a large extent
on the aspect of language that was being treated and the treatment method that is employed.
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For simpler language abilities like word comprehension or production, executive functions
may not play a large role, although recent evidence suggests a possible role of inhibition in
generalization of treated words to untreated words in anomia (Yeung & Law, 2010).
Executive functions have also been studied extensively as a factor in impaired discourse
processing of individuals with traumatic brain injury (e.g., Coelho et al., 1995) and more
recently in persons with aphasia (Purdy, 2002; Frankel, Penn & Ormond-Brown, 2007). As
research into the role of executive processing in language impairments proceeds, one useful
outcome would be the identification of training regimens that place demands on executive
function and relational integration in order for the patient to obtain the maximum benefit
from the treatment. For example, well-known treatments for naming (e.g., Coelho, McHugh,
& Boyle, 2000), discourse processing (e.g., Chapman & Ulatowska, 1989), and sentence
processing (Thompson & Shapiro, 2005; Edmonds, Nadeau, & Kiran, 2009) depend
implicitly or explicitly on patients’ ability to infer and generalize relations. As we learn
more about the relationship between executive functions and relational integration abilities,
it will be important to find ways to diagnose the integrity of these abilities in aphasia, which
may be crucial to the patients’ ability to transfer training to new materials.

Lastly, the present results suggest that researchers should take caution when interpreting the
source of patients’ poor performance on EF tasks. The relationship between phonological
STM and at least some measures of EF suggest that poor performance on executive control
tasks may sometimes be better interpreted as a deficit to STM resources that support EF
performance rather than to executive functions such as updating or relational integration per
se. In this regard it would be preferable to employ simpler executive function tasks where
the source of the deficit may be more precisely identified as opposed to using general
complex tasks that may rely on a variety of cognitive functions.

The results have several implications for theoretical claims. Contrary to the claims of R.
Martin and colleagues (e.g., Hamilton & Martin, 2005) and Hoffman et al. (2009), the
present study found no evidence that semantic STM deficits are caused by deficits in
executive function. Instead, the evidence is more consistent with claims that semantic STM
deficits derive from overly rapid decay (e.g., Barde et al., 2010, N. Martin & Saffran, 1995;
R. Martin & Lesch, 1996). Performance on executive function tasks was found to correlate
with performance on some semantic processing tasks for the patients tested here, and it was
argued that a relational integration function may underlie performance on both types of
tasks. Finally, a correlation between phonological STM and some executive function tasks
was found and it was argued that phonological storage and rehearsal play a role in executive
function tasks with a verbal component. The results have important implications for the
interpretation of the role of executive function in language processing tasks and, more
speculatively, the possible contributions of STM and executive function deficits in treatment
regimes.
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Appendix
Appendix:
Intercorrelations among simple executive function tasks. No values are reverse scored.
Variable 1 2 3 4 5 6 7 8 9
Inhibition factor
1. Verbal Stroop -
2. Spatial Stroop -45(%) -
3. PWI 14 43079
4. Rec. Negatives 13 .30 .36
Updating factor
5.V 1-back -.07 .06 20 19 -
6. NV 1-back .05 -30 -55° -08 567 -
7.V Keep Track -34 -24 -33 006 .71° 58° -
8. NV Keep Track  —.38 11 2 11 79" 26 657 -
Shifting factor
9. Plus-minus 447 -—12 01 18 14 32 -33 -20
10. Cued Shifting ~ .003  .48() 38 25 -29 -36 -29 -28 -.18
Hk
Note. p< .01.
*
p<.05.
*
()ps.lo.
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Figure 1.

Examples of the Wisconsin Card Sorting Task (top) and Tower of Hanoi (bottom).
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Table 2

Summary of tasks included in the present study, including task abbreviations and indication of which tasks
were combined into composites (as discussed in the Results).

Screening Assessments Task composites (in gray)
Single picture-word matching (PWM) None
Auditory discrimination None

Short-term Memory Measures

Semantic tasks
Picture naming task (PNT) None
Single picture-word matching (PWM) None

Complex Executive Function Tasks
Wisconsin Card Sorting Task (WCST) None
Tower of Hanoi (TOH) None
Simple Executive Function Tasks
Inhibition Tasks

Verbal Stroop None

Updating Tasks

Shifting Tasks
Plus-minus None
Cued shifting None
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Table 6

Multiple regression results for STM measures regressed on category and rhyme probe.
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Category probe

Rhyme probe

Synonymy judgment
B SEB B

07 .03 49”

04" 02 —aa*

Digit span
B SEB B
Category probe  -.04 .25 -.03
Rhyme probe 477 15 g1
Word span
B SEB B
Category probe .06 15 .07
Rhyme probe 3 09 o7
*Kk
Note. p< .01.
*
p<.05.
) p<.10.
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Table 7

Correlations between semantic processing tasks.

1. PNT - 76 28 31
2.PWM - - 32 41
3.PPVT - - - 697
4, PRYPT

ok

Note. p< .01.
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Table 8

Patient performance on complex and component executive function tasks. Patient and control values show
means and ranges (in parentheses). Shading identifies tasks that were combined into composites, as discussed

in the Results (see also Table 2).

Complex Executive Function Tasks Patients Controls
WCST (categories completed) 10 (1-15) 15 (14-15)@
WCST (perseverative errors) 20 (3-38) 7 (0_21)17
TOH (number of moves) 95 (60-176) 88 (54—163)b

Simple Executive Function Tasks

Inhibition Tasks

Verbal Stroop (interference effect,ms)

1017 (131-2794)

244 (56-492)0

Spatial Stroop (interference effect, ms)

209 (10-865)

63 (~100-260)?

PWI (interference effect, ms)

199 (~286-676)

38 (-18-185)2

Recent negatives (interference effect, ms)

664 (~489-2835)

115 (-9-260)2

Upaating Tasks

Verbal 1-back (percent correct) 93 (62-100) 86 (65—97)17' c
Nonverbal 1-back (percent correct) 82 (52-96) 76 (41-98)b, ¢
Verbal keep track (percent correct) 84 (50-100) 93 (79_100)17, c
Nonverbal keep track (percent correct) 87 (5-100) 89 (51-100)6 ¢
Shifting Tasks

Plus-minus (switch cost, sec) 86 (—1-284) 41 (27_74)17, d

Cued shifting (switch cost, ms)

1033 (19-3197)

155 (-55-468)4

a . N . .
Control data collected at Rice University. WCST (categories): V= 18, Mage = 67 years. PWI: N=9, Mage = 66 years. Recent negatives: V= 10,

Mage = 67 years. Cued shifting: V=16, Mage = 64 years.

bControI data from Hull et al. (2008).

c . . . . . .

The updating tasks used by Hull et al. (2008) required subjects to update two items (e.g., keeping track of 2 colors in the nonverbal keep track
task), as opposed to one item as used for the patients tested in the present study. Thus, the control data reflect 2-item updating; we assume accuracy
would be very high were controls to complete the 1-item updating tasks.

dThe plus-minus task used by Hull et al. (2008) required subjects to add or subtract 3 from each two-digit number (as opposed to adding or
subtracting 1, as used in the present study). Thus, the control data reflect this task variation.
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Table 9

Correlations between STM, semantic, and complex executive function tasks. WSCT (categories) measures the
number of categories completed (out of 15 possible). WCST (perseverations) measures the number of
perseverative errors. TOH measures the total number of moves to completion. Rev indicates an item that was
reverse scored, and N indicates the number of patients included in the correlation.

STM Measures Semantics Measure
N Semantic Phonological Semantic
STM Comp. STM Comp. Processing Comp.
WCST (categories) 17 .04 55% 48(%)
WCST (persev., rev) 14 -.08 -.05 54(%)
TOH (rev) 16 -35 22 54%
*
Note. p< .05.
(*)ps .10.
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