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       ABSTRACT

Almost without exception, acquired language disorders resulting
from focal brain injury are accompanied by impairments of
verbal short-term memory (STM) and verbal learning.
Moreover, disturbances in verbal STM are generally associated
with language dysfunction, in some cases mild and not
disruptive to most language activities.  The co-occurrence of
language and mnestic deficits in the aphasic population affords
the opportunity to examine their relationships. Here we review
evidence from aphasia supporting the view that verbal STM
processes are inextricably linked with the lexical processing
system (as opposed to drawing solely on an independent short-
term memory system). These studies are discussed as a
foundation for the development of a new model of word
processing, verbal STM and learning. An inherent assumption of
this model is that spreading activation processes which maintain
activation of linguistic representations when generating a single
word also contribute to the support of multiple word
representations in verbal STM.

1. INTRODUCTION

Historically, studies of language processing and of verbal STM
have proceeded as separate enterprises, although the two
capacities are deployed jointly in virtually all language tasks and
are critical components of verbal learning.  This approach was
fostered by a once prevailing view that the two are independent
and subject to selective impairment (1).  The studies described in
this paper are motivated by an alternative view that verbal STM
and language capacities share underlying processes.  This view
had early protagonists (2) and continues to gain support in studies
of both normal (3) and impaired verbal STM (4, 5) that indicate
systematic relations  between  word processing and verbal STM.

Studies of normal children and adults, and impaired individuals
offer considerable evidence of linguistic influences on verbal
STM performance. The characteristics of items to be recalled
influence span capacity (6,7). Moreover, it is becoming
increasingly apparent that linguistic representations held in STM
are more complex than once thought.  Early models linked
phonological coding with the verbal short-term store and semantic
coding with long-term memory  (8).  This conceptualization has
given way to multi-store models of STM supported by evidence
that verbal span is influenced by phonological (9,10), lexical
(13), semantic  (11,12) and conceptual factors  (13).

In addition to evidence that the content of STM draws from
multiple levels of linguistic representation, there are indications
that these influences differ across items in a string.  The serial

position curve for immediate serial recall of auditorily-presented
strings that exceed capacity for verbatim recall is characterized by
good recall of early and final list items but poorer recall of items
from the middle portions of the string.  Recall of early list items
(primacy effect) is influenced by factors that influence
articulatory rehearsal (14, 15) and is also sensitive to word
frequency (10), indicating that lexical processes play a role in
maintenance of these items.  In contrast, phonological similarity
affects recall of the terminal portions (12) of an input string
(recency effect), suggesting a role for phonological processes in
the retention of end-list information.

Another source of evidence linking verbal STM and language
processing comes from studies of STM deficits that accompany
developmental language disorders.  Gathercole and Baddeley (16)
studied a group of language-disordered children and found digit
span to be directly correlated with nonword repetition ability.
They further determined that the repetition disorder was not a
function of general language ability, but rather an impairment of
memory tapped by the nonword repetition task (17).

Neuropsychological data provide additional evidence for a link
between verbal STM and language abilities.  One source of
evidence comes from the kinds of errors produced by STM
impaired subjects on span tasks. Some patients produce
semantically related errors (18, 19, 20, 21) while others produce
primarily phonologically related word and nonword errors (22).
These error patterns indicate the kind of representations held in
short-term storage and suggest that (a) both phonological and
semantic representations influence verbal STM and (b) each
resource can be used to support recall in the absence or deficiency
of the other.  Neuropsychological studies also show that
language-impaired subjects are differentially sensitive to semantic
and phonological information in span tasks (4) and that these
sensitivities interact with phenomena (e.g., serial position)
characteristic of STM (5).  The studies described in this paper
demonstrate associations between word processing impairments
and performance on verbal span tasks that indicate a close link
between these two capacities.  It is conceivable to infer a causal
relationship from these associations as the STM impairment
affecting word processing or vice versa.  We take an alternative
position that the associations between the two deficits reflect and
impairment to an underlying process that maintains activation of
words in both single and multiple word processing contexts.

2.  THEORETICAL ISSUES

Currently, there is no well-established theory or computational
model that addresses the relationships between verbal STM and
word processing.  There are numerous theories and models of
single word processing (23, 24, 25, 26,), but these do not address
word processing in the context of span tasks or language activities
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that involve memory for multiple items.  In the domain of verbal
STM, theories (27, 2) and computational models (28) have not yet
directly addressed the relationship between characteristics of
STM and language processing.  Furthermore, until recently, little
attempt has been made to articulate the relationship of verbal
STM to learning in theories (29) or computational accounts of
verbal learning (28).  One recent theory of the relationship
between lexical processing, verbal STM and vocabulary
acquisition has been developed by Gupta (30, 31). Gupta’s model
employs connectionist processing elements and learning
algorithms and provides an explicit account of lexical access and
retrieval.  It also offers an account of word learning, nonword
repetition, and immediate serial recall, and relates these three
phenomena to each other and to the lexical processing system.

Gupta’s model provides a detailed specification of processing
dynamics and has the potential to address the effects of
impairment on word processing, verbal STM and learning.  As yet,
however, the theory does not make contact with
neuropsychological data.  Here, we summarize a series of
empirical and computational studies conducted in our laboratory
that examine lexical and short-term memory processing in the
aphasic population and provide empirical support for a theory
such as Gupta’s that postulates interdependencies among word
processing, short-term memory and verbal learning. Our studies
have been conducted within the framework of Dell’s (24, 26)
interactive activation model of single word processing which, in
future studies, will be extended to incorporate aspects of Gupta’s
(30, 31) model of verbal STM and vocabulary acquisition. Dell’s
model is an appropriate starting point to demonstrate a link
between word processing and verbal STM because it provides an
explicit account of the temporary activation and maintenance of
semantic and phonological representations of a single word over
the time it takes to generate that word. A key notion derived from
this computational model is that interactive activation in the
lexical system constitutes a means of maintaining information
over time (via persistence of the activation of representations).
That is, it is a form of short-term memory.   Extending this notion
to verbal STM, we assume that the interactive activation
processes responsible for maintaining activation of the
representations of a single word also play a role in maintaining
activation of multiple words (or nonwords) in verbal STM and in
production of multiple word sequences (sentences or lists).

The interactive activation processes that keep representations
active are well articulated in some models of single word
processing, including Dell’ interactive activation model that
motivates our work (24, 26).  In Dell’s model, activation of
linguistic representations is sustained by the spread of activation
among interconnected semantic word, and phonological units. Of
course, maintaining multiple words in short-term memory
involves additional functions such as sequencing and buffering
representations of those words (32).  These functions may require
additional mechanisms, and yet, single word processing involves
some functions that are parallel to those attributed to short-term
memory systems (e.g., sequencing phonemes of a word and
maintaining activation of semantic and phonological
representations of a word until it is produced). Thus, building a
model of word processing and verbal STM may not be so simple
as combining separate models of each system.   An important
long-term goal of our work is to integrate the constructs and
principles of a short-term storage system with the, those that
govern the generation of single words.  Our more immediate goal

is to demonstrate that the processes responsible for maintaining
activation of semantic and phonological representations of single
words also directly affect in systematic ways the maintenance of
word representations in verbal STM. In the studies reviewed
below, we approach this issue by examining the performance of
individuals with aphasia who exhibit both word processing and
verbal STM impairments.

2.1 Why should we look for links between
word processing and verbal STM in
aphasia?

One reason to examine STM in aphasic individuals is that they
invariably exhibit impairment of verbal STM.  The combination
of word processing and verbal STM deficits makes this an ideal
population to investigate associations  (or dissociations) between
the two systems.  Second, early neuropsychological data that
addressed the relationship of lexical processes and short and long
term memory (LTM) came from a comparison (33) between STM
and learning abilities in a conduction aphasic, KF (1), and
amnesic individuals (34).   A double dissociation was observed
between KF, who could not retain phonological information in
repetition or immediate verbal span, but performed normally on
LTM tasks, and a group of amnesic patients who showed the
opposite pattern.  This case study, and others that followed,
sought to demonstrate that representations in verbal STM are
phonological (but generated by the language system) and that
STM can be dissociated from LTM. This approach further
assumes that semantic representations are the domain of LTM, a
view consistent with Baddeley and Hitch’s working memory
model (35).  However, a comparison of short and long-term
memory abilities in amnesic and conduction aphasic patients is
insufficient to determine the “contents” of verbal STM.  There are
aphasic patients with semantic deficits that are not amnesic but do
have STM deficits and some difficulty performing long-term
learning tasks (36). By studying subjects with STM and
accompanying semantic or phonological impairment, a clearer
picture of representations stored in verbal STM should emerge.

A third reason that aphasic data are relevant to the relationship
between verbal STM and word processing is that much is already
known about the temporal aspects of processing a single word and
the ways in which damage to the lexical system can interact with
that temporal course (37).   Dell’s (24, 26) interactive activation
model has proved quite useful in understanding how semantic and
phonological deficits can differentially affect aspects of word
processing (e.g., kinds of errors that are made, sequencing of
phonemes) because of the temporal course of activation of a
word’s semantic and phonological representations (37).    These
principles can be extended to our understanding of how
impairment affects activation and maintenance of the
representations of several words in short-term memory.

3.  FOUR STUDIES OF WORD
PROCESSING, VERBAL STM, AND
VERBAL LEARNING IN APHASIA

 In what follows, we summarize findings from four studies
(reported elsewhere) that indicate systematic interactions between
lexical processing, verbal STM and verbal learning.



 

3.1 Co-occurring patterns of recovery in word
processing and span performance

The co-occurrence of word processing and verbal STM
impairments in aphasic patients affords an opportunity to identify
any systematic associations between the two impairments.  In this
study, we identified such associations by tracking the recovery
pattern of a patient, NC, who exhibited severe word processing
and verbal STM impairments.  NC suffered from an acute aphasia
secondary to a cerebral aneurysm.  His speech production was
fluent and paraphasic. While auditory comprehension was
severely impaired, reading comprehension was only mildly
affected.  On repetition tasks, NC produced phonologically related
word and nonword errors, but also displayed a rare error pattern
termed 'deep dysphasia', characterized by semantic errors in single
word repetition (e.g., thermometerà sick).  In word production
tasks and spontaneous speech, NC produced a variety of errors
including a high rate of formal paraphasias (sound related word
substitutions, e.g., schoolà skeleton), a pattern not often
observed in aphasia.  NC's error pattern was examined within the
framework of Dell’s (24, 26) interactive spreading activation
model (38, 20).  Dell's model assumes that activation processes
that mediate lexical retrieval are regulated by two parameters,
connection strength (the rate of activation spread) and decay rate
(the rate of activation decline toward resting level).  Noise and the
number of time steps to production are additional parameters. We
hypothesized that NC's error pattern resulted from a
pathologically rapid decay of primed nodes in the semantic-
lexical-phonological network. This hypothesis was tested and
supported in a series of simulations that successfully reproduced
NC's error pattern in both naming and repetition with the same
lesion to the model.  Additionally, the model successfully
predicted NC’s error pattern after recovery (see below) by
reducing the too-rapid decay towards a rate closer to normal (but
still abnormally rapid). This reduction resulted in fewer semantic
errors in repetition and fewer formal paraphasias in production.

In conjunction with his naming and repetition impairments, NC
exhibited a severely restricted auditory-verbal STM span (less
than one item).  As NC recovered, his performance on auditory-
verbal STM tasks improved (span increased to two items), and his
pattern of error in word repetition, as noted above, changed (fewer
semantic errors relative to other error types).  Other features of his
span performance resembled patterns associated with STM-based
repetition impairments (reduced recency effects and reduced word
length effects).  In a series of computational and empirical studies,
we showed that NC's performance on repetition and span tasks
over the course of recovery could be accounted for by varying
two parameters of an interactive activation model of repetition
(adapted from Dell and O'Seaghdha’s (26) model of production):
decay rate and temporal interval (the number of times steps that
pass before word retrieval).  Assuming that NC’s recovery
entailed reduction of the pathologically high decay rate towards
normal, the model demonstrated that such a reduction would
result in greater accuracy and fewer semantic errors in immediate
repetition of single words, a pattern that simulated NC’s
performance as he recovered. Martin, Saffran and Dell (20)
confirmed the model’s prediction that semantic errors will recur,
as decay rate recovers somewhat, if the opportunity for decay is
increased by increasing the amount of time between input and
output in a repetition task.   This was accomplished by repetition
of (a) two words and (b) a single word after a delay. As predicted,

NC produced semantic errors under both repetition conditions
(e.g., officer  liquor à officer  alcohol). These results support the
view that auditory-verbal STM and lexical processing are related
by a single underlying mechanism (spreading activation) that
maintains activation of a word’s linguistic representations. When
that mechanism is impaired, processing of both single and
multiple words is disrupted.

3.2 Effects of semantic and phonological
impairment on serial position in span
performance

Martin and Saffran (5) investigated the lexical and STM
impairments of fifteen aphasic subjects with limited digit and
word spans (between 1 and 4 items) whose language profiles
varied with respect to the relative impairment of lexical-semantic
and phonological processes.  On the hypothesis that auditory-
verbal STM is dependent on mechanisms intrinsic to the lexical
processing system, qualitative aspects of performance on
repetition span tasks should vary in conjunction with lexical-
semantic and phonological impairment. Martin and Saffran (5)
obtained evidence for this hypothesis by correlating measures of
semantic and phonological abilities with serial position effects in
recall of words and word strings (5).  Recall of initial items in a
string (primacy) is influenced by factors that affect articulatory
rehearsal (14) as well as lexical-semantic factors such as
imageability and frequency (7).  In contrast, recall of terminal
portions of a string (recency) is sensitive to phonological factors
(12).  Serial position effects were examined at two levels:  (a)
word level (serial position of words within a string) and (b)
phoneme level (serial position of phonemes within a word).  As
predicted, we found positive correlations between semantic ability
and primacy effects and positive correlations between
phonological ability and recency effects.  Primacy effects and
semantics were correlated in  recall of words in a two-word string
(r = .46) and in retrieval of phonemes within a word (initial
phonemes and semantic abilities (r = .60). Recency effects at the
word level (recall of final words in a two word string) correlated
positively, but insignificantly with phonological abilities (r = .30)
and recency effects in phonological encoding (retrieval of final
phonemes in a word) correlated significantly with phonological
abilities (r = .63).  These findings support the hypothesis that
verbal STM abilities are dependent on  processes that generate
and maintain linguistic representations of words. Thus, in addition
to articulatory rehearsal's well-documented contribution to serial
position effects, aspects of word processing also play a role:
semantic deficits disrupt recall of information from the beginning
of an input string and phonological deficits affect recall of
information from the end of the string.

3.3 Effects of lexical and STM impairments
on verbal learning in aphasia

The integrity of STM and word processing systems is critical to
the ability to learn verbal information and to integrate that
information into long-term memory.   Aphasic patients vary in
their ability to learn new verbal information (e.g., new words or
verbal associations).  Some patients demonstrate little difficulty in
learning new verbal information (1) while others experience
difficulty (19).



 

Martin and Saffran (36) reported two experiments that
investigated the ability of aphasic individuals to learn a supraspan
(10 item) list of words over 10 trials, a paradigm often used to
examine learning (19).  On each trial, the list is presented
auditorily and the subject repeats in any order all the items he/she
can recall. Presumably, the subject recalls an increasing number
of items with each trial.  We examined performance on this task
with respect to effects of stimulus-internal factors (characteristics
of words and lists to-be-learned) and subject-internal factors
(verbal and non-verbal STM span, nature and severity of language
impairment).  Learning ability was influenced by the imageability
and frequency of the words-to-be learned (Experiment 1) and by
the linguistic relationship among words in a list (Experiment 2).
In particular, lists of phonologically similar words were more
difficult to learn than lists of semantically or unrelated words.
Additionally, and importantly, learning ability was affected by the
nature of a subject's word processing deficit  (whether it reflected
semantic and/or phonological impairment). While phonological
ability was positively associated with learning in both
experiments, semantic abilities were associated with learning only
when the words in the list were either high in frequency and
imageability or were related to one another in a meaningful way
(e.g., semantically or phonologically). Thus, the ability to process
and maintain phonological information is critical to learning,
semantic information also plays a role.

Martin and Saffran (36) also found that auditory-verbal STM span
was positively related to learning ability, but that the effect was
more pronounced for word span than digit span. These
associations were also more pronounced when the task used to
measure span involved auditory input and a pointing response
than when it involved a repetition response, suggesting that task
requirements (i.e., linguistic representations and processes
engaged) affect short-term memory and learning performance.
This possibility was explored in the next study.

3.4  Item and task effects on verbal STM
       performance and their interaction with
       lexical impairment.

Paradigms used to measure verbal STM span are, by their nature,
examples of verbal tasks.  Verbal tasks vary in the processes and
representations that they exploit. A word-to-picture matching task,
for example, engages phonological, lexical and semantic input
processes and representations and possibly some production
processes (39).   Repetition of words involves both input and
output phonological, lexical and possibly semantic processes.  It
stands to reason, then, that the ability to perform these language
tasks would be apparent on measures of verbal STM that use
similar paradigms.  In this study, Martin and Saffran (40,41)
examined the performance of 24 subjects on two paradigms used
to measure verbal span: pointing span and repetition span. The
subjects all had both word processing and  verbal STM deficits
that varied widely in severity. The word processing deficits also
varied with respect to the involvement of semantic or
phonological processing. Both digit and word span were
examined using pointing and repetition span paradigms.

The lexical processes involved in the pointing span and repetition
span tasks overlap somewhat, but are not identical. It follows that
performance on the two tasks might be differentially sensitive to
the kind of lexical impairment (e.g., semantically or

phonologically based) that is present and the paradigm used to
assess span.  The pointing span task requires a mapping from an
auditory input stimulus to a semantic representation. Performance
on this task should be affected by word comprehension
impairment whether it is based on a phonological processing
deficit or a semantic deficit. The repetition span tasks requires a
mapping from the auditory input stimulus to the output
phonological representation. Access to lexical and semantic
information is also likely in repetition of words, but is not
required.  Therefore, performance on this task should be affected
by phonological input or output impairments, but not necessarily
by semantic deficits.

The results of this study support a link between performance on
word processing tasks and span tasks. First, as in other studies, we
found that recall of digits was greater than recall of words, and
this was especially true of repetition span. Second, the
correlations between span task and semantic and phonological
abilities revealed some associations consistent with our
hypotheses. Correlations reported here are based on 22 degrees of
freedom and are  two-tailed tests, of Phonological abilities were
positively correlated with performance on both pointing span
(digit: r = .53; word: r = .47) and repetition span (digit:  r = .60;
word:  r = .63).  We also found a positive correlation between
semantic abilities and pointing span (digit: r = .40; word:  r = .67),
but, as predicted,  not between semantic abilities and repetition
span (digit:  r = .13; word:  r = .31).  The lack of significant
correlations between repetition span for digits and semantic
abilities suggests that this task can be performed with little
semantic support. Word repetition span shows a trend of
correlation with semantic abilities, suggesting the possibility of
some semantic involvement in this task.

These associations have both theoretical and clinical implications.
Theoretically, they make clear the complexity of verbal STM.
Because verbal span is always measured with tasks that engage
language processes, its measurement is bound to reflect the
integrity of the linguistic representations and processes engaged
by those tasks.   Verbal STM is a flexible capacity that varies with
the nature of the items to be recalled, the linguistic processes
engaged in its measurement and the integrity of those processes.
Clinically, these results suggest the need to measure span using
several different paradigms. Thus, when it is claimed that a
subject’s verbal STM span is normal, this might be true for the
measure that is reported (e.g., digit span), but not generally true.
Moreover, it is likely, given the relationship between STM span
and learning (Section 3.3), that multiple measures of span will be
more informative about the learning potential of the client.

4. GENERAL DISCUSSION

Data from the studies described here and elsewhere (32) indicate
that word processing abilities are closely linked with performance
on measurements of verbal STM span.     This connection is both
qualitative and quantitative.  Semantic and phonological deficits
have differential effects on patterns of span performance (Section
3.2) and on the kinds of errors that are made in a span task
(Section 3.1).   Verbal learning is dependent on the integrity of
both linguistic and short-term memory processing (Section 3.3).
While phonological processes are important in all learning tasks,
semantic processes appear to be called upon when they will
facilitate learning (for example, when categorical relations among
words are present).  With respect to task effects on verbal STM



 

and learning, repetition span, in particular repetition of digits,
appears to promote the best span performance in individuals
(Section 3.4), but is less related to verbal learning than other
measurements of span (Section 3.3).

Data from these studies indicate that semantic and phonological
processes work together to maintain activation of linguistic
representations held in verbal STM.  These data could be
interpreted causally as a linguistic impairment affecting STM
abilities or a STM impairment affecting linguistic processing. An
alternative view, and the one that we propose, is that the two
systems share an underlying process, spreading activation,  that
maintains activation of representations that comprise words.  The
activation and maintenance of a word’s semantic and
phonological representations over the course of processing a
single word is a form of short-term memory. The integrity of
spreading activation’s ability to maintain activation of a single
word will directly affect performance on verbal STM tasks.  In
this way, the lexical processor and any specialized mechanisms of
short-term memory (e.g., sequence mechanisms or buffers) are
linked and work together to support both single word and multiple
word language tasks.

In an interactive activation model the cooperative dynamics of
semantic and phonological processing insure maintenance of
representations comprising a single word in the following way:
activation of a word’s phonological representation spreads to a
word node in the lexical network. The phonological
representation begins to decay.  Following this, activation spreads
Maintaining activation of a word node in the lexical network
requires cooperative feedforward and feedback activation between
semantic and phonological representations. When semantic and/or
phonological support to lexical activation is compromised,
different patterns of repetition error result (5, 22).  Although the
interactive activation model we have used to date cannot address
recall of multiple words, its principles can be applied to
maintenance of word representations in verbal STM. At recall,
those representations that are buffered initially ultimately will
depend more on semantic processing to sustain their activation
than phonological processing, while items that are later in the
sequence will benefit more from phonological activation than
semantic activation.

Gupta’s (30, 31) model of verbal STM incorporates a simple
model of lexical processing, and a sequence memory (a
specialized short-term store) that encodes the serial order of word
forms as they are presented to the lexical system.  As noted in the
introduction, the model offers an account of three phenomena:
word learning, nonword repetition, and immediate serial recall.
Importantly, the model demonstrated that all three abilities
depend crucially on strength of long-term phonological
connections in the lexical system and that word learning and
immediate serial recall also depend on the strength of the long-
term semantic connections.  Thus, Gupta’s model provides a
concrete account of the notion that verbal STM is intrinsically
linked to lexical processing mechanisms. An important
implication of this work is that verbal STM can be conceived of
as involving both a specialized short-term memory and the lexical
system.  Additionally, STM capacity may be supported by various
mechanisms, including the maintenance of activation in the
lexical system (emphasized in the interactive activation model
described above) and factors associated with a specialized
sequence memory.  Future work in our laboratory will be directed

towards development of a model that combines key features from
the versions of the interactive model used in our studies of single
word processing and Gupta’s model of immediate serial recall,
nonword repetition and vocabulary learning.
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