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ABSTRACT

Specific Language Impairment (SLI) has been explained by two broad classes of hypotheses, which posit either a
deficit specific to grammar, or a non-linguistic processing impairment. Here we advance an alternative perspective.
According to the Procedural Deficit Hypothesis (PDH), SLI can be largely explained by the abnormal development of
brain structures that constitute the procedural memory system. This system, which is composed of a network of inter-
connected structures rooted in frontal/basal-ganglia circuits, subserves the learning and execution of motor and cognitive
skills. Crucially, recent evidence also implicates this system in important aspects of grammar. The PDH posits that a
significant proportion of individuals with SLI suffer from abnormalities of this brain network, leading to impairments of
the linguistic and non-linguistic functions that depend on it. In contrast, functions such as lexical and declarative memory,
which depend on other brain structures, are expected to remain largely spared. Evidence from an in-depth retrospective
examination of the literature is presented. It is argued that the data support the predictions of the PDH, and particularly
implicate Broca’s area within frontal cortex, and the caudate nucleus within the basal ganglia. Finally, broader implications
are discussed, and predictions for future research are presented. It is argued that the PDH forms the basis of a novel and
potentially productive perspective on SLI.
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INTRODUCTION

Specific Language Impairment (SLI) is
generally defined as a developmental disorder of
language in the absence of frank neurological
damage, hearing deficits, severe environmental
deprivation, or mental retardation (for diagnostic
definitions and prevalence of SLI, see Bishop,
1992; Leonard, 1998; Tomblin et al., 1997). Other
terms have also been used to label such children,
including developmental dysphasia, language
impairment, language learning  disability,
developmental language disorder, delayed speech
and deviant language (Leonard, 1998; Ahmed et
al., 2001). Several factors have complicated
attempts to provide a unified theory of SLI, or
even of subgroups of SLI. First, despite the
standard use of exclusionary criteria to diagnose
SLI, the disorder is clearly not limited to language.
Rather, the linguistic impairments co-occur with a
number of non-linguistic deficits, including
impairments of motor skills and working memory,
and with other disorders, such as Attention Deficit
Hyperactivity Disorder (Hill, 2001; Leonard, 1998;
Tirosh and Cohen, 1998). Second, even though SLI
must be a consequence of some sort of neural
dysfunction, the neural correlates of the disorder
have been largely ignored. This potentially valuable
information could provide important constraints on
explanatory accounts of the disorder. Third, SLI is
a classification that is quite heterogeneous
(Leonard, 1998; Stromswold, 2000). Surveys
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document variation within and across subgroups in
the particular aspects of language that are affected
and in the types of co-occurring non-linguistic
deficits, as well as in the severity with which these
linguistic and non-linguistic deficits are found
(Aram and Nation, 1975; Miller, 1996; Rapin and
Allen, 1988; Stark and Tallal, 1981). Although
some previous research has focused on apparently
distinct SLI sub-types (Bishop, 2000; Gopnik and
Crago, 1991; van der Lely et al., 1998), most
studies have paid little attention to variation across
individuals with similar types of deficits. However,
the nature of this type of variability may be
important, and may even provide clues to the
nature of SLI itself.

Two broad competing theoretical perspectives
have attempted to explain SLI. One perspective
posits that people with SLI, or at least certain
subgroups of individuals with the disorder, suffer
from a deficit or delay that is specific to the domain
of language, specifically to grammar — that is, to
the mental capacity that underlies the rule-governed
combination of words into complex structures. This
viewpoint has been espoused in numerous flavors,
many of which identify particular grammatical
operations, mechanisms, or types of knowledge that
are problematic. For example, it has been proposed
that children with SLI have a selective impairment
in establishing structural relationships such as
agreement (Clahsen, 1989) or specifier head-
relations (Rice and Oetting, 1993). Alternatively, it
has been posited that at least certain people with
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developmental language impairments may be
missing linguistic features (Gopnik and Crago,
1991). Another view is based on the observation
that normal children pass through a period in the
development of language during which they fail to
consistently mark tense in main clauses which
require it (Wexler, 1994). According to this
“extended optional infinitive” account, children with
SLI remain in this stage for a much longer period
than normal children, with their language deficits
reflecting an incomplete specification of the
obligatory tense markings that are normally
represented in grammar (Rice et al., 1995).

Some grammar-deficit hypotheses posit that the
dysfunction in SLI is quite broad within grammar,
rather than being highly specific to a particular
grammatical function or operation such as
agreement or tense-marking. Thus it has been
proposed that a broad range of language
impairments may be explained by a deficit that
affects the mechanisms underlying the learning
and/or computation of implicit grammatical rules
(Ullman and Gopnik, 1994). Another account
claims that wide-ranging grammatical difficulties
can be explained, at least in some children with
SLI, by a representational deficit of grammatical
relations (van der Lely, 1994; van der Lely et al.,
1998).

Grammar-deficit  hypotheses  have, not
surprisingly, been quite successful in accounting
for many of the grammatical impairments observed
in SLI. However, these hypotheses are also
somewhat problematic. Few if any of them -
particularly those that posit a highly specific
dysfunction — can explain the full range of
linguistic deficits, either within a given language or
cross-linguistically (Leonard, 1996, 1998). For
example, a purely grammatical deficit cannot easily
account for the word-finding difficulties often
observed in SLI. Even within grammar, such
hypotheses may not fully explain the combination
of syntactic, morphological and phonological
deficits that occur. Moreover, hypotheses positing
only grammatical deficits cannot account for the
non-linguistic difficulties prevalent in SLI.

According to the second broad theoretical
perspective, SLI is caused by a non-linguistic
processing deficit. Some processing-deficit
hypotheses claim that the problems are quite
general in nature, such as a reduced processing
rate, or capacity limitations on processing (Bishop,
1994; Kail, 1994; Leonard et al., 1992b; Norbury
et al., 2001). This helps to account for some of the
breadth of linguistic and non-linguistic
impairments observed in SLI. In particular, such
hypotheses can explain why children with SLI have
difficulties processing verbal and nonverbal stimuli
that are rapidly presented or of brief duration, and
problems with cognitive tasks such as word
retrieval, simultaneous task execution, and
phonological discrimination (Leonard, 1998).

However, the view that impairments in SLI can be
captured by a general processing deficit is also
somewhat problematic. First of all, it has been
argued that this perspective cannot easily account
for certain types of linguistic impairments observed
in SLI (Gopnik and Crago, 1991; Rice and Oetting,
1993; Ullman and Gopnik, 1999; van der Lely and
Ullman, 2001). In addition, because these
hypotheses claim that the deficits are quite general,
they have difficulty explaining the apparently
selective nature of the non-linguistic impairments
(see below, and Leonard, 1998). Finally, a limited
processing capacity account does not lend itself
well to specific predictions or testable hypotheses,
because nearly any kind of impairment could
potentially be explained by processing limitations
or generalized slowing.

Not all processing-deficit hypotheses posit a
general deficit. Impairments of a specific cognitive
or processing mechanism have also been proposed.
Some investigators attribute the language
impairments in SLI to the dysfunction of
phonological working memory (Gathercole and
Baddeley, 1990; Montgomery, 1995b), or to an
“information  processing  deficit  affecting
phonology” (Joanisse and Seidenberg, 1998). Others
have argued that the impairments in SLI can be
explained by a perceptual or temporal processing
impairment, particularly of briefly presented stimuli
or rapidly presented sequences of items (Merzenich
et al., 1993; Tallal et al., 1993; Tallal and Piercy,
1973b, 1974). On the one hand, these hypotheses
can explain certain specific deficits observed in
SLI, such as difficulties on tasks involving working
memory, phonological processing, or the perception
of rapidly presented stimuli. However, it is not clear
that all children with SLI suffer from these
problems (Bishop et al., 1999; Tallal et al., 1991;
Tomblin et al., 1995; van der Lely and Howard,
1993). Moreover, such hypotheses cannot easily
account for the specific pattern of spared and
impaired linguistic and non-linguistic functions in
SLI (Hill, 1998; Leonard, 1998; Ullman and
Gopnik, 1999; van der Lely and Stollwerck, 1996;
van der Lely and Ullman, 2001).

In  sum, although previously proposed
explanatory hypotheses can individually capture
specific aspects of the empirical data, none of them
can easily account for either the range or the
variation of the particular impaired linguistic and
non-linguistic functions found across SLI, and even
within SLI subgroups. Indeed, we believe that any
purely functional account of SLI will have
difficulty explaining the variety of impairments that
occur even within individuals with SLI. Moreover,
few hypotheses have seriously attempted to link the
cognitive impairments in SLI to the brain, or to
account for the range of neural abnormalities
observed in the disorder.

Here we propose that a substantial number of
individuals with SLI are afflicted with
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abnormalities of brain structures that constitute a
well-studied brain system known as the procedural
memory system. We argue that this Procedural
Deficit Hypothesis (PDH) can explain the neural
abnormalities found in SLI, and can account for —
apparently paradoxically — much of the consistency
and heterogeneity in the linguistic and non-
linguistic deficits found in the disorder, both within
and across individuals and subgroups. Moreover,
independent knowledge of these well-studied brain
structures and their functions allows us to make
testable predictions regarding SLI that would not
be possible on the basis of more restricted
explanatory accounts. The remainder of this paper
is structured as follows. First, we discuss the
neuroanatomy and functions of the procedural
memory system. Second, we introduce the PDH in
some detail. Third, we present a wide range of
neural and behavioral empirical evidence, and
argue that it provides converging evidence for the
PDH. We conclude by examining clinical and other
implications, and presenting a specific research
program and further predictions.

THE PROCEDURAL MEMORY SYSTEM

The “procedural memory system” is the brain
system that is implicated in “procedural memory” —
that is, in the learning of new, and the control of
long-established, motor and cognitive “skills”,
“habits,” and other procedures, such as typing,
riding a bicycle, and skilled game playing (Mishkin
et al., 1984; Schacter and Tulving, 1994; Squire et
al., 1993; Squire and Knowlton, 2000). (For the
sake of simplicity, below we also refer to the
system as the “procedural system”.) The system
underlies aspects of rule-learning (Knowlton et al.,
1996; Poldrack et al., 1999), and is particularly
important for acquiring and performing skills
involving sequences — whether the sequences are
serial or abstract, or sensori-motor or cognitive
(Aldridge and Berridge, 1998; Boecker et al., 2002;
Graybiel, 1995; Jenkins et al., 1994; Saint-Cyr et
al., 1988; Willingham, 1998). Acquisition of the
procedures is gradual, in that learning occurs on an
ongoing basis during multiple trials. In contrast, the
learned procedures generally apply quickly and
automatically. The system is closely related to the
“dorsal” stream (also referred to as the “how” or
“where” pathway, Goodale, 2000; Goodale and
Milner, 1992; Ullman, 2004; Ungerleider and
Mishkin, 1982). It is commonly referred to as an
implicit memory system because both the learning
of the procedural memories and the memories
themselves are generally not available to conscious
access. Note that we use the term “procedural
memory system” to refer only to one type of
implicit, non-declarative, memory system (Squire
and Knowlton, 2000), not all non-declarative or
implicit memory systems. Moreover, we use the

term to refer to the entire system involved in the
learning, representation and use of procedural
memories, not just to those parts of the system
underlying the acquisition of new procedural
knowledge (also see Ullman, 2004).

The procedural system is composed of a
network of several interconnected brain structures
(De Renzi, 1989; Heilman et al., 1997; Hikosaka et
al., 2000; Jenkins et al., 1994; Mishkin et al., 1984;
Rizzolatti et al., 2000; Schacter and Tulving, 1994;
Squire and Zola, 1996). Within the cerebrum, the
system depends especially on structures in the left
hemisphere (De Renzi, 1989; Heilman et al., 1997;
Schluter et al., 2001). Frontal/basal-ganglia circuits
play a particularly important role in the system
(Eichenbaum and Cohen, 2001; Mishkin et al.,
1984; Schacter and Tulving, 1994; Squire and Zola,
1996).

The basal ganglia are a set of highly
interconnected subcortical structures, including the
neostriatum, globus pallidus, sub-thalamic nucleus,
and substantia nigra (Cote and Crutcher, 1991;
Wise et al., 1996). In primates, the neostriatum
(also simply called the “striatum”) is composed of
two structures: the putamen and the caudate
nucleus. Studies of non-human primates have
revealed much about the connectivity of the basal
ganglia. These structures are closely linked to
cortical regions, particularly in the frontal lobes,
via parallel and largely functionally segregated
“channels” (also referred to as “circuits” or
“loops”) (Alexander and Crutcher, 1990; Alexander
et al., 1986; Middleton and Strick, 2000a). Each
channel receives projections at the neostriatum —
some channels primarily at the caudate, others at
the putamen — from a particular set of cortical and
subcortical structures. Each channel then follows
the same set of internal connections within the
basal ganglia, and then projects outward via the
thalamus to a particular cortical region (from which
it also receives input), primarily in frontal cortex.

Within the basal ganglia, the circuitry
underlying the channels splits into the “direct” and
“indirect” pathways. These two pathways have
opposing effects on the basal ganglia’s influence on
frontal cortex. Via a series of inhibitory and
excitatory projections, the direct pathway
ultimately disinhibits frontal cortical activity,
whereas the indirect pathway ultimately inhibits it.
Imbalances between the two pathways can lead to
the excessive inhibition or disinhibition of
functions that depend on the frontal cortical regions
to which the basal ganglia project (Albin et al.,
1989; Young and Penney, 1993). This is thought to
explain the inhibited/suppressed (“hypo”) and
disinhibited/unsuppressed (“hyper”) motor and
other behaviors found in Parkinson’s disease,
Huntington’s  disease, Tourette syndrome,
Obsessive-Compulsive disorder (OCD), Attention
Deficit Hyperactivity Disorder (ADHD), and other
adult-onset and developmental disorders affecting
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the basal ganglia (Bradshaw, 2001; Middleton and
Strick, 2000a; Young and Penney, 1993).

The channels are topographically organized at
each level of the circuit, including within the direct
and indirect pathways. That is, the parallel
channels are at least partly anatomically separable
in having a topographic organization that is
maintained from the neostriatum throughout the
basal ganglia to the thalamus and frontal cortex.
The different basal ganglia-thalamocortical
channels project to a heterogeneous set of frontal
regions, and subserve a heterogeneous set of
functions. Thus, distinct channels project to
primary motor cortex, ventral premotor cortex (a
region that contains F5, the likely macaque
homologue of Brodmann’s Area (BA) 44,
Rizzolatti et al., 1996), the Supplementary Motor
Area (SMA), and dorsolateral prefrontal cortex,
among other regions (Alexander et al., 1986;
Middleton and Strick, 2000a). Each channel
underlies those functions that are associated with
the cortical region to which it projects (Middleton
and Strick, 2000a). For example, the channel
projecting to primary motor cortex subserves motor
functions. Channels passing through the putamen
play a particularly important role in movement,
whereas those passing through the caudate seem to
be especially important for aspects of cognition —
although it should be emphasized that both striatal
structures likely play at least some sort of role in
both motor and cognitive functions (Alexander et
al., 1986; Middleton and Strick, 2000a; Poldrack et
al., 1999). The different basal ganglia channels
appear to have a similar synaptic organization,
suggesting that similar neuronal operations are
performed at comparable stages of each channel
(Alexander et al., 1990; Middleton and Strick,
2000b). So, the basal ganglia appear to perform
analogous computations that are applied to
different sets of information from different
domains, depending on the particular set of input
regions and frontal cortical output destinations of a
given channel (Middleton and Strick, 2000b).

Within frontal cortex, certain regions play
especially crucial roles in procedural memory: most
importantly, pre-motor cortex (particularly the
region of the Supplementary Motor Area; i.e.,
SMA and pre-SMA) and cortex within Broca’s area
(part of inferior frontal cortex, containing BA 44
and 45, Amunts et al., 1999). Intriguingly, evidence
suggests that Broca’s area is critical for abstract,
cognitive aspects of procedural memory, although
the region also subserves motor functions (Conway
and Christiansen, 2001; Dominey et al., 2003;
Goschke et al., 2001; Ullman, 2004). Thus, despite
the apparent computational equivalence of the basal
ganglia across channels, not all of the frontal
regions to which the channels project subserve
procedural memory, and those regions that do
underlie this function play a variety of roles. This
functional heterogeneity can be explained by

several factors, including the differential
cytoarchitectonic and computational specialization
of different frontal regions (Amunts et al., 1999),
and their differential connectivity to posterior
regions, such that each frontal region selects or
inhibits a different type of information or response
(Passingham, 1993; Shimamura, 1995).
Importantly, because not all frontal regions are
involved in procedural memory, it follows that not
all topographically organized regions of the
neostriatum (or other structures within the basal
ganglia) should be involved in this function.
Rather, only those basal ganglia regions whose
circuitry projects to frontal regions that subserve
procedural memory are predicted to play an
important role in this function.

In addition to the frontal/basal-ganglia circuits,
several other structures play likely roles in the
procedural memory system (For further discussion,
see Ullman, 2004): parietal cortex, particularly the
supramarginal gyrus (BA 40); aspects of the
superior temporal cortex, including the superior
temporal sulcus; and the cerebellum, including the
dentate nucleus (one of the deep cerebellar nuclei,
and an important output nucleus of the cerebellum)
(Carey et al., 1997; Chao et al., 1999; Jellema and
Perrett, 2001; Martin et al., 2000; Perrett et al.,
1989, 1990; Rizzolatti et al., 2001). Interestingly,
the cerebellum is similar to the basal ganglia in
that parallel topographically organized channels are
maintained from the cerebellum through the
thalamus to frontal cortex, including to ventral
premotor and dorsolateral prefrontal regions
(Middleton and Strick, 2000a).

The different structures of the procedural
system provide distinct and complementary
computational and functional contributions. For
example, the basal ganglia are particularly
important for learning new procedures, but may be
less so for the normal processing of already-learned
procedures (Mishkin et al., 1984; Squire and
Knowlton, 2000; Ullman, 2003, 2004). In contrast,
Broca’s area appears to underlie both the learning
and the processing of procedures (Dominey et al.,
2003; Goschke et al., 2001; Ullman, 2004). So,
abnormalities of different structures in the system
should lead to different types of impairments of
procedural memory.

Finally, the brain structures that constitute the
procedural system subserve not only motor and
cognitive skills, but also a number of other
functions, including grammar, lexical retrieval,
dynamic mental imagery, working memory, and
rapid temporal processing. Moreover, whereas
procedural memory appears to be directly related to
some of these functions (e.g., grammar), its relation
to others is still not clear. Indeed, other functions
might plausibly depend on portions of these brain
structures that do not subserve procedural memory
(e.g., other channels within frontal/basal-ganglia
circuits). Crucially however, whether or not these
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other functions are related to procedural memory,
they should be compromised by abnormalities of
the structures that subserve them. Therefore these
functions should be impaired in brain disorders that
affect the procedural memory system. Here we
focus on those functions that are discussed again
below in the context of SLI. However, others
(presumably including some that have yet to be
discovered) also likely depend on these brain
structures, and so would also be expected to be
impaired in individuals with abnormalities of these
structures.

Language

The involvement of the procedural system in
language appears to be largely based upon the
distinction between rule-governed and idiosyncratic
linguistic mappings. Specifically, it has been
posited that important aspects of the difference
between these two types of mappings can be
captured by the distinction between procedural
memory and declarative memory, another well-
studied memory system (Ullman, 2001a, 2001c,
2004; Ullman et al., 1997). According to this view
— referred to as the Declarative/Procedural (DP)
model — idiosyncratic mappings are stored in a
memorized “mental lexicon” that depends on
declarative memory, whereas the learning and use
of rule-governed computations involves a “mental
grammar” that depends on procedural memory.

Thus, like other “dual-system” views of
language (Chomsky, 1995; Pinker, 1994; Pinker
and Ullman, 2002b), the DP model critically
assumes a categorical distinction between lexicon
and grammar (“Single-mechanism” models are
discussed in the Conclusion). The lexicon is the
repository of all arbitrary word-specific knowledge,
such as the fact that car refers to the warm furry
thing on your bed. It also holds other irregular —
i.e., not entirely derivable — information, such as
the particular arguments that must accompany a
given verb (i.e., verb complements, as reflected by
the fact that hir has a direct object), and any
unpredictable forms that a word takes (e.g., teach
takes the irregular past-tense raught). The lexicon
may also comprise other distinctive information,
such as bound morphemes (e.g., the -ed or -ness
suffixes, as in walked and happiness) and
representations of complex linguistic structures
whose meanings cannot be transparently derived
from their parts (e.g., idiomatic phrases, such as
kick the bucket) (Di Sciullo and Williams, 1987;
Halle and Marantz, 1993). In contrast, the rules of
the mental grammar underlie the regularities of
language. The rules constrain how lexical forms
can combine sequentially and hierarchically to
make complex representations. Such rule-governed
behavior is found in various language domains,
including in phrases and sentences (syntax), and in
complex words such as walked (morphology). The

rules are a form of mental knowledge in that they
underlie our individual capacity to produce and
comprehend complex forms. The learning and use
of the rules and operations of grammar are
generally implicit (non-conscious). At least certain
aspects of grammatical processing are fast as well
as automatic (Fodor, 1983; Friederici, 2002;
Friederici and Mecklinger, 1996). Finally, although
complex representations (e.g., the regular past-tense
walked) could be composed anew each time (e.g.,
walk + -ed), and must be if they were not
previously encountered (e.g. glicked), they could in
principle also be stored in the mental lexicon.

In order to understand the claims of the DP
model, and the role of the procedural memory
system in language, it is also important to briefly
discuss the declarative memory system. This brain
system underlies the learning, representation, and
use of knowledge about facts (“semantic
knowledge”) and events (“episodic knowledge”)
(Mishkin et al., 1984; Schacter and Tulving, 1994;
Squire and Knowlton, 2000). (Analogous to our
use of the term “procedural memory system”, we
use the term “declarative memory system” to refer
to the entire system involved in the learning,
representation and use of the relevant information
(Eichenbaum, 2000), not just to those brain
structures underlying the learning of new
memories.) The system may be particularly
important for learning arbitrary relations
(Eichenbaum and Cohen, 2001). The learned
information can, at least in part, be consciously
(“explicitly”) recollected. The system is closely
related to the “ventral” stream or “what” pathway
(Goodale, 2000; Ungerleider and Mishkin, 1982).
The system crucially involves medial temporal lobe
regions (in particular the hippocampus), which are
connected extensively with temporal and parietal
neocortical regions (Suzuki and Amaral, 1994). The
medial temporal structures underlie the
consolidation (and possibly the retrieval) of new
memories. Memories  eventually  become
independent of these structures, and dependent on
neocortical regions, particularly in the temporal
lobes (Hodges and Patterson, 1997; Martin et al.,
2000).

The DP model posits that each of the two
memory systems plays an analogous role in its
non-linguistic and linguistic functions (for
additional details and discussion, see Ullman,
2001c, 2004). Thus medial temporal lobe structures
are predicted to underlie the learning of new
words, which eventually depend largely on
neocortical regions, particularly in temporal and
temporo-parietal regions. Middle and inferior
portions of the temporal lobe are posited to be
especially important for storing word meanings,
whereas superior temporal and temporo-parietal
regions are more important for storing word
sounds, and possibly also for stored complex
morphological and syntactic structures. These latter
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regions may thus serve as an interface between the
declarative and procedural systems. The procedural
system is claimed to underlie aspects of a symbol-
manipulating grammar, across grammatical sub-
domains, including not only morphology and
syntax, but Ilikely also phonology (in the
sequencing of sounds). The procedural system may
be particularly important in the learning and use of
rules that underlie grammatical structure building —
that is, the sequential and hierarchical combination
of stored lexical forms (e.g., walk + -ed) and
abstract representations (e.g., noun phrase) into
complex structures. It is expected that learning
rules of grammar, like learning other rules within
the procedural system, should depend especially on
the basal ganglia, in particular the caudate nucleus,
whereas rule-governed compositional aspects of
grammar should depend largely on Broca’s area. It
is an empirical question as to whether the same or
distinct basal ganglia-thalamocortical channels
(e.g., within the caudate and Broca’s area) subserve
grammatical and non-linguistic procedures.
Similarly, the different sub-domains of grammar
(e.g., phonology, morphology, syntax) may rely on
the same or distinct circuitry within the procedural
memory system.

Thus the DP model predicts important
associations between lexical and declarative
memory, and between aspects of grammar and
procedural memory, as well as dissociations
between lexicon and grammar that parallel
dissociations between the two memory systems.
However, these dissociations are somewhat
complicated by the fact that certain brain structures
underlying the procedural system also play specific
roles related to declarative memory. Ventro-lateral
pre-frontal cortex, which corresponds to the
inferior frontal gyrus and BA 44, 45 and 47
(Damasio, 1995), underlies the encoding of new
declarative memories and the selection or retrieval
of declarative knowledge (Buckner, 2000; Buckner
and Wheeler, 2001; Thompson-Schill et al., 1997;
Wagner et al., 1998). Moreover, evidence suggests
that portions of the basal ganglia and the
cerebellum are also involved in selecting, retrieving
or searching for declarative memories (Desmond
and Fiez, 1998; Ivry and Fiez, 2000; Ullman, 2004;
Wise et al., 1996). Thus the DP model predicts that
these structures should play analogous functional
roles for lexical memory — namely, in the selection,
retrieval or search for lexical knowledge (Ullman,
2004). Dissociations between lexicon and grammar
should therefore be particularly striking when these
functions are not required, such as in lexical
recognition tasks.

We have argued elsewhere that a broad range of
converging evidence, from psycholinguistic,
neurological, and neuroimaging studies, supports
the DP perspective (Ullman, 2001c, 2004; Ullman
et al., 1997). Therefore this evidence will not be
presented or discussed here.

Mental Imagery

The procedural system also subserves aspects of
mental imagery. Two types of mental imagery have
previously been identified (Farah, 1989).
“Dynamic” or “spatial” mental imagery involves
spatial relations (e.g., location) and the mental
manipulation or transformation of images. This
type of mental imagery, which is found in tasks
entailing mental rotation or orientation
discrimination, is strongly linked to motor
processes (Vingerhoets et al., 2002; Wexler et al.,
1998c), and seems to depend on the dorsal stream
pathway (Farah, 1989; Podzebenko et al., 2002)
and on the brain structures underlying the
procedural system: Broca’s area (Jordan et al.,
2001; Podzebenko et al., 2002); premotor regions,
including both lateral premotor cortex and the
SMA (Cohen et al., 1996; Jordan et al., 2001;
Kosslyn et al., 1998; Podzebenko et al., 2002;
Richter et al., 2000; Tagaris et al., 1997); the basal
ganglia (Podzebenko et al., 2002); the cerebellum
(Ivry and Fiez, 2000; Podzebenko et al., 2002); and
parietal cortex (Bestmann et al., 2002; Harris et al.,
2000; Podzebenko et al., 2002), including the
supramarginal gyrus (Harris et al.,, 2000;
Podzebenko et al., 2002). In contrast, “static” or
“visual” imagery, which involves imaging static
objects or their features (e.g., color, form), is
linked to the perception and processing of this type
of information, to occipital and temporal regions,
and to the ventral stream pathway (which is closely
related to declarative memory; see above) (Farah,
1989, 1995; Goodale, 2000).

Working Memory

Working memory is strongly linked to brain
structures that underlie the procedural system:
Broca’s area and premotor regions, including both
lateral premotor cortex and the SMA (Ivry and
Fiez, 2000; Smith and Jonides, 1999); the basal
ganglia, (Menon et al., 2000); the cerebellum
(Desmond and Fiez, 1998; Desmond et al., 1998);
and parietal cortex, including the supramarginal
gyrus (Ivry and Fiez, 2000). Working memory
appears to involve the dorsal stream system
(Hickok and Poeppel, 2000), and seems to be
functionally related both to the retrieval of
declarative knowledge and to procedural memory
itself (for further discussion, see Ullman, 2004).
Thus portions of frontal cortex that subserve the
selection or retrieval of declarative information are
closely tied to working memory (Buckner and
Wheeler, 2001; Moscovitch, 1992). For example,
neuroimaging studies show that ventro-lateral pre-
frontal cortex is consistently activated while
working memory is engaged (Smith and Jonides,
1998, 1999), and is activated, within the same
subjects, during both retrieval and working
memory tasks (Braver et al., 2001). It has been
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suggested that Broca’s area, and perhaps ventro-
lateral pre-frontal cortex more generally, may be
specialized for the selection and comparison of
maintained information (Petrides, 1996; Petrides et
al., 1995), or for the maintenance of information
over a delay (D’Esposito et al., 1998; Smith
and Jonides, 1997). Similarly, it has been argued
that the role of this cortex in working memory
may be to recall or select and maintain information
that is actually stored in temporal and temporo-
parietal regions (Cowan, 1996, 1999; Ruchkin
et al., in press). A recent study suggests that
posterior Broca’s area subserves the manipulation
of sequential information, independent of the
type of information that is manipulated (Gelfand
and Bookheimer, 2003). The basal ganglia have
been implicated in similar functions, including
context-dependent rule-based selection, and the
maintenance in working memory of — and the real-
time shifting between — sets, functions or programs
(Menon et al., 2000; Peigneux et al., 2000; Wise et
al., 1996). Moreover, these basal-ganglia functions
seem to be quite intimately related (Meck and
Benson, 2002; Wise et al., 1996). In sum, working
memory clearly depends on the brain structures
underlying the procedural system, and moreover
may be closely related to their other functions.

Temporal Processing

Finally, evidence also suggests that important
aspects of timing and rapid temporal processing
depend on brain structures that underlie the
procedural system — including Broca’s area (Fiez et
al., 1995; Hickok and Poeppel, 2000; Muller et al.,
2001; Schubotz and von Cramon, 2001), the basal
ganglia (Meck and Benson, 2002; Rammsayer and
Classen, 1997), and the cerebellum (Hazeltine et
al., 1997; Ivry et al., 1988). This is not surprising,
given that the procedural system underlies on-line
rapid processing, including rapid sequencing
functions (Eichenbaum and Cohen, 2001; Schacter
and Tulving, 1994; Squire and Knowlton, 2000),
and that the dorsal stream is crucial for real-time
interaction with the world (Goodale, 2000; Goodale
and Milner, 1992).

Neuropharmacological evidence suggests that
temporal processing of intervals in the range of
milliseconds depends on the level of dopaminergic
activity in the basal ganglia (Brooks et al., 1990;
Rammsayer, 1999). Behavioral and fMRI evidence
also closely ties the basal ganglia to the processing
of temporal discrimination thresholds (the
perception of rapidly presented stimuli as either
simultaneous or sequential) (Fiorio et al., 2003); to
motor timing (Grasso et al., 1999; Harrington et
al., 1998; Malapani et al., 2002) and to duration
estimation (Ferrandez et al., 2003; Harrington et
al., 1998; Nenadic et al., 2003). Moreover, just as
the left hemisphere is particularly important for
procedural memory, so it also appears to be crucial

for rapid temporal processing: Evidence suggests
that the left hemisphere has better temporal
resolution than the right, and may be specialized
for much shorter periods of temporal integration
(Allard and Scott, 1975; Hickok and Poeppel,
2000; Ivry and Robertson, 1998; Nicholls, 1996;
Zatorre et al., 2002).

Intriguingly, the timing and rapid processing
functions of the brain structures underlying the
procedural system appear to be linked to other
functions of this system. Thus it has been
suggested that the real-time set shifting and
sequence coordination roles of frontal cortex may
depend upon timing functions subserved by this
region (Knight and Grabowecky, 2000; Meck and
Benson, 2002; Wise et al., 1996). Similarly, the
basal ganglia’s role in real-time motor control may
be especially important for motor skills that
involve precise timing (Penhune et al., 1998).
Moreover, the basal ganglia also play an important
role in interval timing and rhythm (Meck and
Benson, 2002; Rammsayer and Classen, 1997).
Thus timing, rhythm and rapid temporal processing
depend on the brain structures underlying the
procedural system, and may be closely related to
their other functions.

THE PROCEDURAL DEFICIT HYPOTHESIS

According to the Procedural Deficit Hypothesis,
many if not most individuals with SLI are afflicted
with procedural system brain abnormalities that
result in grammatical impairments and/or lexical
retrieval deficits (also see Gopnik, 1999; Paradis
and Gopnik, 1997; Ullman and Gopnik, 1994,
1999). These individuals may be characterized as
having Procedural Language Disorder, or PLD.
Importantly, these individuals should also have
impairments of the non-linguistic functions that
also depend on the affected brain structures of the
procedural system.

The PDH leads to several testable and
falsifiable predictions, both at the population and
individual level. Abnormalities of the brain
structures that underlie the procedural system, and
impairments of grammar, lexical retrieval, and the
non-linguistic functions that depend on these
structures, should all be widespread in SLI.
Moreover, these brain abnormalities and linguistic
and non-linguistic impairments should be strongly
associated with each other — that is, they should
co-occur. This association should be reflected
within individuals with SLI. People with SLI who
have impairments of grammar and/or of lexical
retrieval should have abnormalities of brain
structures underlying the procedural system, and
impairments of the non-linguistic functions that
depend on them.

Grammatical impairments and lexical-retrieval
deficits could in principle arise from abnormalities
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of any of the brain structures in the procedural
system. Moreover, the dysfunction of different
structures in the system should lead to different
types of impairment. For example, abnormalities of
structures thought to underlie the acquisition of
procedural knowledge, such as the basal ganglia,
should yield different behavioral phenotypes than
abnormalities of those that subserve the execution
of procedural skills, which might be the case for
the cerebellum (Seidler et al., 2002). We expect
that a portion of the heterogeneity of SLI is
explained by variation across individuals as to
which structures are affected, and to what degree.
Importantly, a variety of methods can be used to
determine which particular structures are abnormal
(see below).

Despite the likely existence of such variation
across SLI, we posit that grammatical and lexical-
retrieval impairments are particularly strongly
associated with dysfunctions of the basal ganglia,
especially the caudate nucleus, and of frontal
cortex, especially Broca’s area. As we have seen
above, frontal/basal-ganglia circuits play a core
role in procedural memory. Moreover, the caudate
nucleus and Broca’s area are especially important
for cognitive functions, including aspects of
grammar and lexical retrieval (see above, and
Ullman, 2004).

Just as abnormalities of different structures
within the procedural system should lead to
behavioral heterogeneity, so should the dysfunction
of different portions of structures — especially of
those structures that constitute the frontal/basal-
ganglia circuitry. First of all, different types of
deficits should be associated with the dysfunction
of the direct and indirect pathways. Indeed,
neurodevelopmental as well as neurodegenerative
disorders affecting the basal ganglia have been
characterized as primarily “hyper” or “hypo” in
nature (Bradshaw, 2001; Jankovic and Tolosa,
1993; Middleton and Strick, 2000a, 2000b). It
remains to be seen whether or not SLI is associated
primarily with one or the other type of deficit.
Note that the demonstration of either deficit in SLI
would strongly implicate the basal ganglia, and
would support the predictions of the PDH.

Second, it is unlikely that only those channels
that subserve grammar or lexical retrieval will be
affected in a given individual with PLD. Both in
neurodegenerative  and  neurodevelopmental
disorders that involve the basal ganglia, multiple
domains are generally impaired, moreover with
analogous impairments (e.g., suppressed, “hypo”
behaviors) across domains (Bradshaw, 2001;
Jankovic and Tolosa, 1993), including grammar.
Thus Huntington’s disease patients show
unsuppressible grammatical rule use (e.g., in
affixation) as well as unsuppressible movements,
whereas Parkinson’s disease patients show the
suppression of both grammatical rule use and of
movement (Ullman, in press-b; Ullman et al.,

1997). Crucially, it is unlikely that exactly the
same channels will be affected across all
individuals with a particular frontal/basal-ganglia
disorder. Indeed, the correlations between motor
and grammatical impairments across Parkinson’s or
Huntington’s disease patients are not perfect
(Ullman, in press-b; Ullman et al., 1997). We
therefore expect variability across individuals with
SLI with respect to the combination of channels
that are affected, and the severi