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1.

Introduction

Since the late 19th century, it has generally been accepted that
core language processes underlying spoken word production,
comprehension, and repetition are enabled by left perisylvian
regions of the human brain, including Broca's area and Wernicke's area (Broca, 1861; Wernicke, 1874). Production concerns saying words to express meaning, comprehension
concerns understanding the meaning of heard words,
and repetition concerns saying heard words or pseudowords.
According to the seminal Wernicke-Lichtheim model

(Lichtheim, 1885; Wernicke, 1874), the perisylvian language
areas contain memory representations of the input “auditory
images” (in Wernicke's area) and output “motor images” (in
Broca's area) of words (see Levelt, 2013, for a historical account). Although researchers agree on the involvement in
language of the two perisylvian areas, they have found no
agreement on the functionality of the white-matter fiber
tracts that relay information between the areas and how they
connect to meaning.
Whereas Wernicke (1874) assumed that a ventral
pathway under the insular cortex maps input onto output
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representations in the perisylvian areas, others have proposed
that this mapping is achieved by a dorsal pathway featuring
jerine, 1895;
the left arcuate fasciculus (AF) fiber tract (De
Geschwind, 1970, 1972; von Monakow, 1885). The AF arches
around the Sylvian fissure in the posterior part of the human
brain (Latin, curved bundle). The dorsal pathway is also taken to
include the superior longitudinal fasciculus (SLF, Makris et al.,
2005; Wilson et al., 2011), which plays a less prominent role
than the AF in the discussions. Moreover, it is now generally
assumed (following Lichtheim, 1885; Wernicke, 1874) that
conceptual representations making up word meanings are
represented in more widespread areas of the human brain
outside the perisylvian region. Modern research has revealed
that these areas include the (anterior) inferior and middle
temporal cortex and angular gyrus (e.g., Binder, Desai, Graves,
& Conant, 2009; Lambon Ralph, 2014; Patterson, Nestor, &
Rogers, 2007; Price, 2010). However, no agreement has been
reached on the fiber tracts that map meaning onto motorrelated representations in Broca's area during language production (Catani & Mesulam, 2008; Dick & Tremblay, 2012;
Friederici, 2009; Hagoort, 2013; Weiller, Bormann, Saur,
Musso, & Rijntjes, 2011). This issue is addressed in the present article.
According to a recent proposal, computationally implemented in the Lichtheim 2 model (Ueno, Saito, Rogers, &
Lambon Ralph, 2011), meaning is mapped onto articulation
primarily by a ventral pathway underpinned by the left uncinate fasciculus (UF) and fiber tracts passing through the left
extreme capsule (EmC). The term EmC does not denote a
white-matter tract (unlike the UF and AF) but refers to a
location where several fiber bundles come together under the
insular cortex. With regard to language processes, it seems
likely that key tracts include the inferior fronto-occipital
fasciculus (IFOF) and a branch of the middle longitudinal
fasciculus (MdLF) coursing through the EmC (e.g., Binney,
Parker, & Lambon Ralph, 2012; Duffau, 2008; Duffau, Herbet,
& Moritz-Gasser, 2013; Duffau, Moritz-Gasser, & Mandonnet,
2014). According to Lichtheim 2, this pathway is primarily
responsible for mapping meaning representations (i.e., “semantic features”) in left anterior superior temporal gyrus
(aSTG) and the ventral anterior temporal lobe (vATL) onto
speech motor representations (i.e., “phonetic features”) in
Broca's area during language production. Although Lichtheim
2 maintains that this ventral pathway is also, to some extent,
engaged in mapping speech input onto speech output in
repetition, this repetition mapping is primarily achieved by
the dorsal AF pathway, according to the model. Ventral
pathway connections running from auditory cortex via middle
and anterior superior temporal gyrus (STG) to the vATL underpin comprehension in the model.
The use of the term “primarily” with regard to production
and repetition intends to indicate that both the ventral and
dorsal pathways are involved in both production and repetition according to Lichtheim 2 but that the dorsal pathway is
more important for repetition and the ventral pathway for
production. Simulations using Lichtheim 2 revealed that
damage to the representation of the dorsal AF pathway in the
model disrupts repetition much more than production (see
Fig. 3B in Ueno et al., 2011), suggesting that this pathway is
more important for repetition than production. In addition,

computational analyses revealed that the model's dorsal
pathway mainly reflects phonological rather than semantic
similarity among words. Conversely, damage to the representation of the ventral aSTG/vATL pathway in the model
disrupts production (and comprehension) but not repetition
(see Fig. 3F in Ueno et al.), suggesting that this pathway is
more important for production than repetition. Moreover, this
ventral pathway mainly reflects semantic rather than
phonological similarity among words. Thus, although both
pathways are involved to some extent in both repetition and
production in Lichtheim 2 (i.e., the model does not assume a
modular split between pathways), there is a division of labor
in that the dorsal pathway primarily underpins repetition and
the ventral pathway primarily underpins conceptually driven
production.
In contrast, following Geschwind (1970, 1972), other researchers (Catani, Jones, & ffytche, 2005; Glasser & Rilling,
2008; Rilling, Glasser, Jbabdi, Andersson, & Preuss, 2012;
Rilling et al., 2008) have argued that the left AF is responsible
for mapping both speech input (from superior temporal gyrus,
Wernicke's area) as well as meaning (from middle and inferior
temporal gyrus) onto speech output in repetition and language production, respectively. Different parts of the AF are
taken to mediate the two mappings (i.e., from speech input to
speech output in repetition and from meaning to speech
output in production), that is, the dorsal pathway is assumed
to mediate two separable streams of processing.
According to Glasser and Rilling (2008), one part of the AF,
connecting left STG (Brodmann area [BA] 22) and Broca's area,
maps input phonemes (i.e., sound-related representations in
STG) onto output phonemes (i.e., articulation-related representations in Broca's area), referred to as the phonological or
STG pathway. This pathway, running shallowly under the
supramarginal gyrus and terminating in BA 44 (part of Broca's
area) and BA 6 (ventral precentral gyrus, i.e., premotor cortex),
is crucial for repetition. Another part of the AF, connecting left
middle temporal gyrus (MTG, BAs 21 and 37) and Broca's area,
maps lexical-semantic representations (in MTG) onto output
phonemes (in Broca's area), referred to as the lexical-semantic
or MTG pathway. This pathway, running more deeply under
the supramarginal gyrus and terminating in BAs 44 and 45
(Broca's area), BA 6, and BA 9, is crucial for conceptually driven
speech production in conversation and picture naming.
Geschwind (1970, 1972; Damasio & Geschwind, 1984) also
assumed that the AF mediates both repetition and language
production.
The dorsal-pathway dual-stream view is compatible with
evidence that the ventral pathway is important for auditory
language comprehension, including executive aspects of
conceptual processing (Saur et al., 2008, 2010). Moreover, topdown influences on language production (Badre, Poldrack,
-Blagoev, Insler, & Wagner, 2005; Schnur et al., 2009)
Pare
may be mediated by the ventral pathway, including the IFOF
(Duffau et al., 2013, 2014). However, on this view, the ventral
pathway is not directly involved in mapping conceptual information onto motor output, contrary to the assumption of
Lichtheim 2 that this pathway is primarily responsible for
mapping semantic features onto phonetic features in language production. It should be emphasized that the crucial
issue here concerns the interpretation of the functional role of
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the ventral pathway fiber tracts, not their anatomical presence or absence. Moreover, a critical role of the ventral
pathway in language comprehension processes (Kümmerer
et al., 2013; Saur et al., 2008, 2010; Weiller et al., 2011) is not
contested by proponents of a dorsal dual-pathway view on
production and repetition.
Converging evidence for ventral and dorsal pathways, with
the latter consisting of two distinct parts (cf. Glasser & Rilling,
2008), comes from studies of brain development by Friederici
and colleagues (Brauer, Anwander, Perani, & Friederici, 2013;
Friederici, 2012). They provided evidence that the dorsal AF
pathway consists of two parts that mature at different rates,
whereas the ventral EmC pathway is already in place at birth.
Brauer et al. (2013) compared the development of the ventral
and dorsal pathways in newborn infants (2 days old), children
(7 years), and adults (28 years). They observed that newborns
possess an adult-like EmC pathway and AF part connecting
temporal cortex to the ventral precentral gyrus, which they
referred to as pathway D1 (i.e., the phonological or STG
pathway). In contrast, the AF part connecting temporal cortex
to Broca's area, which they referred to as pathway D2 (i.e., the
lexical-semantic or MTG pathway), appears to develop much
later. Pathway D1 was taken to underpin babbling and repetition, whereas pathway D2 was assumed to play a role in
more complex language functions, only developing more fully
around the time that children master complex syntactic
structures. The dorsal dual-pathway view presented in the
present article concerns a concrete proposal about the functional role of the two AF parts in production and repetition.

1.1.

Aim of the present study

Whereas the ventral-production view implemented in Lichtheim 2 has been evaluated through computer simulations,
this has not been done for the dorsal-pathway production
view. To fill this gap and to evaluate the utility of the latter
view, the present article describes a computational implementation of the dorsal-pathway dual-stream proposal, called
WEAVERþþ/ARC (for WEAVERþþ Arcuate Repetition and
Conversation), and reports the results of computer simulations of aphasic language production, comprehension, and
repetition. The WEAVERþþ/ARC model synthesizes behavioral psycholinguistic, functional neuroimaging, tractographic, and aphasic evidence: (1) a computationally
implemented psycholinguistic model of the functional processes underlying spoken word production, comprehension,
and repetition (i.e., the WEAVERþþ model; Levelt, Roelofs, &
Meyer, 1999; Roelofs, 1992, 1997, 2003, 2004, 2007, 2008a,
2008b, 2008c, 2008d; Roelofs & Hagoort, 2002), accounting for
a wide range of behavioral findings; (2) an extensive metaanalysis of neuroimaging studies localizing the functional
processes assumed by the psycholinguistic model (i.e.,
WEAVERþþ) to anatomical gray-matter areas of the human
brain (Indefrey, 2011a; Indefrey & Levelt, 2004); (3) tractographic evidence concerning the structure and anatomical
white-matter connections of the AF (Brauer et al., 2013; Catani
et al., 2005; Glasser & Rilling, 2008); and (4) lesion-deficit analyses that relate anatomical evidence concerning damaged
brain areas and connections to classic acute-onset aphasia
types (i.e., induced by stroke, trauma, or poisoning), including

35

Broca's, Wernicke's, conduction, transcortical motor, transcortical sensory, and mixed transcortical aphasia (Geschwind,
1970, 1972; Glasser & Rilling, 2008; Hillis, 2007).
In their meta-analysis of neuroimaging studies, Indefrey
and Levelt (2004) identified cerebral regions associated with
the processing stages in WEAVERþþ but did not include
tractographic evidence. As outlined below (Section 3.3), given
the gray-matter localizations of planning stages by Indefrey
and Levelt, a mapping of meaning onto articulation via the
ventral EmC/UF pathway (as assumed by Lichtheim 2) is not
an option for WEAVERþþ. Whereas Roelofs (2008d) implicitly
assumed for WEAVERþþ that conceptually driven production
is achieved via the AF (see Fig. 1 in that article), WEAVERþþ/
ARC makes this claim explicitly. Therefore, the acronym ARC
has been added to the name of the model. The aim of the reported computer simulations was to evaluate the utility of the
WEAVERþþ/ARC model and to assess whether it is a viable
alternative to Lichtheim 2 in accounting for the typical patterns of impaired and spared language performance associated with the classic aphasia types. In addition, the
simulations addressed the impaired language performance
associated with semantic dementia, a type of primary progressive aphasia induced by ongoing neurodegeneration
(Harciarek & Kertesz, 2011; Hodges, Patterson, Oxbury, &
Funnell, 1992; Warrington, 1975), which plays a central role
in Lichtheim 2. Finally, and most importantly, the simulations
addressed recent evidence from stroke patients that damage
to the AF but not the EmC/UF pathway predicts impaired
production performance (Marchina et al., 2011; Wang,
Marchina, Norton, Wan, & Schlaug, 2013), which seems to
challenge Lichtheim 2.

1.2.
Synthesizing psycholinguistic, functional
neuroimaging, and tractographic evidence
The WEAVERþþ/ARC model makes a distinction between
declarative (i.e., associative memory) and procedural (i.e.,
condition-action rule) aspects of spoken word planning (Levelt
et al., 1999; Roelofs, 1997, 2003), following Levelt (1989), Ullman
(2004), and others. For a recent overview of the cognitive
neuroscience evidence for distinct declarative and procedural
memory systems in the brain, see Eichenbaum (2012). The
declarative associative network underlying language is
thought to be underpinned by temporal and inferior frontal
areas of the human brain (including the areas of Wernicke and
Broca), whereas the procedural system is assumed to be
underpinned by, among others, the basal ganglia, thalamus,
frontal cortex (including Broca's area), and cerebellum (cf.
Anderson et al., 2004). The associative network is accessed by
spreading activation while condition-action rules select nodes
among the activated lexical information depending on the
task demands specified in working memory (e.g., to name a
picture). Activation spreads continuously from level to level
(Roelofs, 2008b), whereby each node sends a proportion of its
activation to connected nodes. Note that whereas Levelt et al.
(1999) assumed a discontinuity in the spreading of activation
between certain nodes in the network, this assumption has
been dropped by Roelofs (2008b) and later articles on
WEAVERþþ. The condition-action rules mediate top-down
influences in conceptually driven word production by
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selectively enhancing the activation of target lexical concept
nodes in the network in order to achieve speeded and accurate
retrieval and encoding operations.
Fig. 1 illustrates the lexical network (Indefrey & Levelt,
2004; Levelt et al., 1999; Roelofs, 1992, 2003, 2004, 2008b,
2008d). The network consists of lexical concepts (e.g.,
CAT(X)) thought to be represented in anterior-ventral temporal cortex, lemmas (e.g., cat) in the mid section of the left
MTG, input phonemes (e.g., /k/, /æ/, and /t/) and input and
output lexical forms or morphemes (e.g., <cat>) in left posterior superior and middle temporal gyrus (Wernicke's area),
output phonemes (e.g., /k/, /æ/, and /t/) in left posterior inferior
frontal gyrus (Broca's area), and syllable motor programs (e.g.,
[kæt]) in ventral precentral gyrus (Indefrey & Levelt, 2004).
Lemmas specify the grammatical properties of words (thought
to be represented in left posterior superior and middle temporal gyrus, see Hagoort & Indefrey, 2014; Indefrey, 2011b; for
reviews), crucial for the production of phrases and sentences.
For example, the lemma of cat specifies that the word is a
noun (N; for languages such as Dutch, lemmas also specify
grammatical gender). Lemmas also allow for the specification
of morphosyntactic parameters, such as number (singular,
plural) for nouns and number, person (first, second, third), and
tense (past, present) for verbs, so that the appropriate lexical
output form may be retrieved (e.g., singular <cat>). Following
the recent suggestions based on tractographic evidence
(Catani et al., 2005; Glasser & Rilling, 2008), the AF is assumed
to mediate two processing streams, a lexical-semantic stream
for conceptually driven production enabled by connections
from lexical output forms to output phonemes and a (nonlexical) phonological stream for repetition enabled by connections from input to output phonemes (Roelofs, 1997, 2004).
Moreover, as Wernicke and Lichtheim already assumed,
output phonemes activate input phonemes, which stabilizes
phonological representations and supports self-monitoring in
the model (Levelt et al., 1999; Roelofs, 2004).
In spoken language production (i.e., picture naming and
conversation), activation traverses from lexical concepts to
lemmas, lexical output forms, output phonemes, and motor
programs (Levelt et al., 1999; Roelofs, 1992, 1997, 2003, 2004,
2008d), while in repetition, time-varying activation of input
phonemes activates output phonemes, both directly and via
lexical levels (i.e., form or lemma) of the network (Abel, Huber,
& Dell, 2009; Dell, Schwartz, Nozari, Faseyitan, & Coslett, 2013;

Nozari, Kittredge, Dell, & Schwartz, 2010; Roelofs, 1997, 2004).
Repetition of pseudowords is achieved through the direct
connections between input and output phonemes. Whereas
language production but not repetition requires the selection
of lexical concepts and lemmas (i.e., ventral stream processing, see also Hickok & Poeppel, 2007), both involve a phonological encoding process that syllabifies the output phonemes
and assigns a stress pattern across syllables in polysyllabic
words (i.e., dorsal stream processing; Hickok, 2012; Hickok &
Poeppel, 2007). These encoding operations are also achieved
by condition-action rules. The resulting phonological word
representation is used to select the corresponding syllable
motor programs (Levelt et al., 1999; Roelofs, 1997). In spoken
language comprehension, time-varying activation of input
phoneme nodes traverses to lexical input forms, lemmas, and
lexical concepts (Roelofs, 1997, 2004), involving ventral stream
processing (e.g., Hickok & Poeppel, 2007; Lau, Phillips, &
Poeppel, 2008).
It should be noted that several of the theoretical assumptions made by WEAVERþþ are debated in the behavioral
psycholinguistic literature. The debates concern the distinction between lemmas and lexical forms (e.g., Caramazza &
Miozzo, 1997), the activation flow between levels (e.g., Rapp
& Goldrick, 2000), and the nature of lexical selection (e.g.,
Dhooge & Hartsuiker, 2010), among other issues. Most of these
issues are orthogonal to the ventral/dorsal contrast.
Addressing the issues is therefore outside the scope of the
present article, but see Roelofs, Meyer, and Levelt (1998),
Roelofs (2004), and Roelofs, Piai, and Schriefers (2011),
among others, for a defense of the particular theoretical
choices made for WEAVERþþ. Lichtheim 2 assumes distributed representations of semantic and phonetic features connected by multiple layers of hidden nodes, and simulates
performance errors but not response times. This makes it
somewhat difficult to relate Lichtheim 2 to the psycholinguistic debates, as can be done with WEAVERþþ/ARC.
Elsewhere (Roelofs, 2004), I have indicated how selfmonitoring in WEAVERþþ may affect error biases in production by aphasic and nonaphasic speakers, such as the slight
statistical overrepresentation of mixed semantic-phonological
errors (e.g., rat for cat vs dog for cat) and the slight statistical
overrepresentation of word errors among phonological errors
(i.e., lexical bias). These influences of self-monitoring concern
small statistical biases on mixed errors within the class of

Fig. 1 e Illustration of the WEAVERþþ/ARC model. See main text for explanation.
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semantic errors and lexical errors within the class of phonological errors, but self-monitoring does not dramatically alter
observed error patterns. As is shown below, semantic errors in
WEAVERþþ/ARC are associated with ventral stream processing in picture naming, whereas phonological errors are associated with dorsal stream processing. Given that the error
biases concern effects within these two classes of errors, they
are orthogonal to the dorsal/ventral contrast, which is the
central issue in the present article. Moreover, given that the
discreteness assumption of Levelt et al. (1999) is no longer part
of WEAVERþþ, the error biases now also may result directly
from cascading and feedback of activation via the speech
comprehension links (Roelofs, 2004).

2.

Material and methods

The network structure and parameter values of the
WEAVERþþ/ARC model were the same as in earlier
WEAVERþþ simulations (e.g., Levelt et al., 1999; Piai, Roelofs,
Jensen, Schoffelen, & Bonnefond, 2014; Roelofs, 1992, 1997,
2003, 2004, 2008a, 2008b, 2008c, 2008d; Roelofs & Hagoort,
2002; Roelofs, Van Turennout, & Coles, 2006). The simulations
were run using a network including words similar to those used
by Abel et al. (2009), Dell et al. (2013), Foygel and Dell (2000),
Nozari et al. (2010), among others. The target was cat and the
other words were dog and fish (both semantically related), fog
(phonologically related to a semantic alternative, namely dog),
and mat (phonologically related to cat). This small network
consisted of 5 lexical concept nodes, 5 lemma nodes, 5 lexical
input form nodes, 10 input phoneme nodes, 5 lexical output
form nodes, 10 output phoneme nodes, 5 syllable program
nodes, and corresponding connections. Using other words or
including words that were both semantically and phonologically related, such as rat or calf, did not change the simulation
outcomes (cf. Roelofs, 2003, 2004). Moreover, to examine the
effect of varying the size of the lexicon (cf. Roelofs, 1997, 2003),
the simulations were also run with the small network
embedded within a larger network. In the present simulations,
this larger network contained all animal names of the Boston
Naming Test, which is widely used in testing picture naming
performance in aphasia (e.g., Marchina et al., 2011; Wang et al.,
2013). The animal names were octopus, camel, snail, seahorse,
beaver, rhinoceros, pelican, and unicorn. The larger network consisted of 13 lexical concept nodes, 13 lemma nodes, 13 lexical
input form nodes, 26 input phoneme nodes, 13 lexical output
form nodes, 26 output phoneme nodes, 25 syllable program
nodes, and corresponding connections. The simulations with
the larger network yielded exactly the same outcomes as those
with the smaller network. This suggests that varying the size of
the lexicon does not affect the simulation outcomes.
In production, comprehension, and repetition, information
is retrieved from the network by spreading activation. Activation spreads according to


X
raðn; tÞ
aðm; t þ DtÞ ¼ a m; t ð1  dÞ þ
n

where a(m,t) is the activation level of node m at point in time t,
d is a decay rate, and Dt is the duration of a time step in msec.
The rightmost term denotes the amount of activation that m
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receives between t and t þ Dt, where a(n,t) is the output of
neighbor n (equal to its level of activation). The factor r indicates the strength of the connection between nodes m and n
(i.e., the local spreading rate). Damage severity was simulated
by manipulating connection weights (r) or decay rate (d) at
specific network loci (Abel et al., 2009; Dell et al., 2013; Foygel &
Dell, 2000; Nozari et al., 2010). Damage was assumed to
decrease the value of r (which corresponds to a loss in activation transmission) or to increase the value of d (which corresponds to a loss in representational integrity).
The simulations started by providing external activation to
lexical concepts for production and to input phonemes for
repetition and comprehension. Activation was then allowed
to spread in Dt ¼ 25 msec steps for 2 sec and the mean activation of nodes was computed. Condition-action rules were
assumed to select nodes depending on the task. For example,
lexical concept, lemma, lexical output form, output phoneme,
and syllable motor program nodes are selected for production.
In displaying results, I concentrate on the ultimate target
nodes for each task (production, comprehension, repetition).
The ultimate targets were syllable motor program nodes for
production and repetition, and lexical concept nodes for
comprehension. Selection of targets by condition-action rules
may sometimes fail. Errors may occur in the model when the
selection condition of an alternative node is incorrectly taken
to be satisfied (e.g., Levelt et al., 1999; Roelofs, 1997) or when an
action is performed incorrectly, that is, a rule selects a wrong
node among the activated ones.
There are several ways in which activation patterns may be
translated into error probabilities. On a simple account,
adopted in the present article, the probability of an error (i.e.,
selecting an alternative node) is proportional to the difference
in activation between target and closest alternatives. Thus, a
reduction of this difference due to damage would correspondingly reduce performance accuracy. For each of several
levels of severity and loci of damage (see Figs. 2e5), the difference in mean activation between target and closest alternative in the damaged network was computed and expressed
as a percentage of the normal activation difference (hereafter,
accuracy). With smaller activation differences, selection takes
longer and errors are more likely to occur, so lower percentages will correspond to poorer performance. For production
and repetition, the activation difference concerned syllable
program nodes, and for comprehension, the difference concerned lexical concept nodes. Moreover, for some simulations,
the activation difference is reported for lemmas. The
WEAVERþþ/ARC model was computationally implemented
using the C programming language and the programming
environment of Microsoft Visual Cþþ 2008 Express. The
source code of the simulation program is available from the
author.
To summarize, the independent variables in the simulations were the locus of external input to the network (at the
level of concepts for production and input phonemes for
repetition and comprehension), the damage type (weight or
decay), and the locus and severity of damage (see Figs. 2e5).
The dependent variables were the difference in activation
between target and closest alternatives relative to normal at
the level of lexical concepts (for comprehension) and syllable
motor programs (for production and repetition). With smaller
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Fig. 2 e Language production, comprehension, and repetition performance as a function of damage severity and locus in
WEAVERþþ/ARC for six classic acute-onset aphasia types. Lesion increase was simulated as decay increase or weight
decrease: (A) increased activation decay for output phonemes, (B) increased activation decay for input phonemes, (C)
decreased weights for the connections between input and output phonemes, (D) decreased weights for the connections
between lexical output forms and output phonemes, (E) decreased weights for the connections between lexical input forms
and lemmas, and (F) decreased weights for the connections between lemmas and lexical concepts.

activation differences, selections take longer and error rate
increases.

3.

Results and discussion

3.1.

Accounting for classic acute-onset aphasia types

As a first test of WEAVERþþ/ARC, computer simulations were
run to examine whether the model can account (with a broad
stroke, just like Lichtheim 2) for the typical patterns of relatively impaired and spared language production, comprehension, and repetition performance associated with classic
acute-onset aphasia types. These types included Broca's,
Wernicke's, conduction, transcortical motor, transcortical
sensory, and mixed transcortical aphasia (Boatman et al.,
2000; Damasio & Geschwind, 1984; Freedman, Alexander, &
Naeser, 1984; Geschwind, 1970, 1972; Glasser & Rilling, 2008;
Hillis, 2007). Fig. 2 summarizes the simulation results.
The collection of speech and language deficits associated
with Broca's aphasia typically results from a vascular accident
involving the superior division of the left middle cerebral artery (MCA), which nourishes left inferior frontal gyrus, precentral gyrus, and surrounding tissue (Geschwind, 1970, 1972;
Hillis, 2007). Damage to the output phonemes or motor programs in the WEAVERþþ/ARC model (thought to be represented in left posterior inferior frontal and ventral precentral
gyri) led to disproportionately impaired spoken output in both
production and repetition with relatively spared comprehension (Fig. 2A), as typically observed in Broca's aphasia
(Damasio & Geschwind, 1984; Geschwind, 1970, 1972). The

damage was simulated as decay increase of output phoneme
nodes, but equivalent results were obtained by decreasing the
connection weights between output phonemes and syllable
motor programs. Moreover, damage to corresponding
condition-action rules (thought to be underpinned by Broca's
area, precentral gyrus, insula, and basal ganglia, e.g., Ullman,
2004) would also result in production and repetition problems
(cf. Dronkers, Plaisant, Iba-Zizen, & Cabanis, 2007; Hillis, 2007;
Ullman, 2004). Note that damage to the basal ganglia thalamocortical circuitry due to neurodegenerative diseases, such
as Parkinson's disease, may also impair language production
(e.g., Altmann & Troche, 2011; Bastiaanse & Leenders, 2009).
This circuitry also seems impaired in primary developmental
language disorder (e.g., Ullman & Pierpont, 2005).
The collection of speech and language deficits associated
with Wernicke's aphasia typically results from a vascular accident involving the inferior division of the left MCA, which
nourishes left posterior superior temporal cortex and surrounding tissue (Geschwind, 1970, 1972; Hillis, 2007). Damage
to the input phonemes in the WEAVERþþ/ARC model (thought
to be represented in left posterior superior temporal cortex) led
to disproportionately impaired comprehension and repetition
with relatively spared production (Fig. 2B), as may be observed
in Wernicke's aphasia (Damasio & Geschwind, 1984;
Geschwind, 1970, 1972). Damage was simulated as decay increase of input phoneme nodes. When damage was instead
simulated by decreasing the connection weights between
input phonemes and lexical input forms, the pattern of language performance was similar except that repetition was also
relatively spared. Moreover, when damage in the model was
extended to lemmas and output lexical forms, language
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production performance was further impaired. This corresponds to the observation that language production in Wernicke's aphasia, albeit fluent, is usually considerably impaired
(i.e., empty of meaning, semantic or phonological paraphasias,
jargon productions, see Hillis, 2007).
Damage confined to the connections between input and
output phonemes in the model (thought to correspond to the
phonological part of the AF) led to disproportionately
impaired repetition with relatively spared production and
comprehension (Fig. 2C), as may be observed in conduction
aphasia (McCarthy & Warrington, 1984; Shallice &
Butterworth, 1977). However, it is rare for repetition to be
selectively affected in patients (Buchsbaum et al., 2011).
Although production is fluent in conduction aphasia, phonemic paraphasias typically occur (as in repetition). Apparently,
damage to the dorsal pathway usually disturbs to some extent
both the phonological and lexical-semantic AF streams or
associated cortical regions (Bernal & Ardila, 2009; Buchsbaum
et al., 2011; Dell et al., 2013; Hickok, 2012; Schwartz, Faseyitan,
Kim, & Coslett, 2012). Hickok and colleagues (Buchsbaum
et al., 2011; Hickok, 2012; Hickok & Poeppel, 2007) provided
evidence that repetition and production problems arise from
damage to the parietal-temporal juncture in the posterior part
of the left Sylvian fissure (area Spt). This area is thought to
underpin a sensorimotor interface between auditory representations in STG and articulation-related representations in
the precentral gyrus and posterior inferior frontal gyrus (for an
integration of this hypothesis into WEAVERþþ, see Roelofs,
2014a).
Damage confined to the connections between lexical
output forms and output phonemes in the model (thought to
correspond to the lexical-semantic part of the AF) led to
impaired production with spared repetition and comprehension (Fig. 2D), as typically observed in transcortical motor
aphasia (Damasio & Geschwind, 1984; Freedman et al., 1984;
Geschwind, 1970, 1972; Glasser & Rilling, 2008; McCarthy &
Warrington, 1984). Transcortical motor aphasia is classically
associated with frontal lesions sparing Broca's area, in the
region of the termination of the lexical-semantic AF pathway
(resulting from a vascular accident involving the left anterior
cerebral artery or the “watershed” areas between the anterior
cerebral artery and the superior division of the MCA, see Hillis,
2007). The disorder may also result, however, from damage to
left parietal cortex and underlying white matter (McCarthy &
Warrington, 1984). Importantly, damage to the AF may
impair production while sparing repetition (Selnes, van Zijl,
Barker, Hillis, & Mori, 2002), in line with the dorsal-pathway
dual-stream proposal.
Damage to the connections from lexical input forms to
lemmas in the model (thought to correspond to “a one-way
disruption between otherwise intact left hemisphere
phonology and lexical-semantic processing”, Boatman et al.,
2000, p. 1641) led to impaired comprehension while sparing
repetition and production (Fig. 2E), as typically observed in
transcortical sensory aphasia (Boatman et al., 2000; Damasio
& Geschwind, 1984; Geschwind, 1970, 1972). Finally, damage
to the connections between lexical concepts and lemmas in
the model, thought to correspond to a disconnection of the
conceptual network from the perisylvian language areas, lead
to impaired comprehension and production while sparing
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repetition (Fig. 2F), as observed in mixed transcortical aphasia
(Damasio & Geschwind, 1984; Geschwind, 1970, 1972).
Extending the damage to the concepts themselves yielded an
equivalent pattern of impaired and spared performance.
To summarize, the WEAVERþþ/ARC model captures the
empirical observation of impairment of production in Broca's
and transcortical motor aphasia, impairment of comprehension in Wernicke's and transcortical sensory aphasia, and
impairment of both production and comprehension in mixed
transcortical aphasia. Moreover, the model captures the
empirical observation that repetition is impaired in Broca's,
Wernicke's, and conduction aphasia, but relatively spared in
the transcortical aphasias. The simulation results demonstrate the utility of the WEAVERþþ/ARC model in accounting
for classic acute-onset aphasia types and suggest that the
model is a viable alternative to Lichtheim 2 in this respect
(compare Fig. 2 in the present article with Fig. 3 of Ueno et al.,
2011). To conclude, the simulations indicate that the
assumption of a ventral production pathway (at the heart of
Lichtheim 2) is not necessary to account for the typical patterns of disproportionately impaired and relatively spared
language performance.
Using voxel-based lesion-parameter mapping, Dell et al.
(2013) identified neural correlates of parameters in their
computational model of word production, which assumes a
lexical network with semantic, lexical, output phoneme, and
auditory input nodes. Parameter values were determined on
the basis of the error patterns in repetition and picture
naming by aphasic patients, whose lesion locations had been
established. The parameters values concerned the strength of
the connections between semantic and lexical nodes (called sweights), between lexical and output phoneme nodes (pweights), and between auditory input and output phoneme
nodes (non-lexical or nl-weights). Correlations between model
parameters and lesion locations revealed that the s parameter
was associated with lesions in the anterior temporal lobe,
prefrontal cortex, and angular gyrus, the p parameter with
lesions in the left supramarginal gyrus, pre- and postcentral
gyri, and insula, and the nl parameter with lesions in the left
STG, the planum temporale and parietal-temporal juncture,
supramarginal gyrus, and postcentral gyrus. Thus, both
WEAVERþþ/ARC and the model of Dell et al. (2013) assume
that the brain's dorsal pathway achieves the mapping between auditory input and output phoneme nodes as well as
the mapping between lexical and output phoneme nodes. A
difference is that Dell et al. (2013) emphasize the cortical areas
of the dorsal pathway, whereas WEAVERþþ/ARC highlights
the role of the AF, yet acknowledging cortical contributions
(Hickok, 2012; Roelofs, 2014a).

3.2.
Semantic dementia and semantic naming errors in
post-stroke aphasia
A critical difference between WEAVERþþ/ARC and Lichtheim
2 concerns the white-matter fiber tracts that achieve the
mapping of conceptual information onto speech output in
word production. Whereas Lichtheim 2 assumes that this
mapping is primarily achieved by the EmC/UF pathway, the
WEAVERþþ/ARC model maintains that this mapping is
accomplished by the AF. Ueno et al. (2011) discussed two
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pieces of evidence relevant for their assumption that the left
EmC/UF pathway is mainly responsible for conceptually
driven language production. The evidence concerned language performance in semantic dementia and semantic
naming errors in post-stroke aphasia.
First, patients with semantic dementia present with
impaired language production and comprehension but spared
repetition (e.g., Hodges et al., 1992). Damaging the Lichtheim 2
model's representation of the anterior temporal cortex (i.e.,
vATL and aSTG), which is the prime locus of progressive atrophy in semantic dementia (e.g., Lambon Ralph, 2014;
Patterson et al., 2007; for reviews), yields an impairment of
language production and comprehension while repetition is
spared, in line with the empirical findings. However, anterior
temporal cortex is also thought to represent concepts according to WEAVERþþ/ARC. If this area is damaged in semantic dementia because of atrophy, it also yields problems
in production and comprehension while sparing repetition.
This claim was corroborated by the results of computer simulations using WEAVERþþ/ARC, shown in Fig. 3. Atrophy of
anterior-inferior temporal cortex (thought to represent the
conceptual network) was simulated by increased decay of the
activation of concept nodes or decreased weights of the connections to and from concept nodes. In both cases, language
production and comprehension were impaired while repetition was spared, corresponding to the empirical findings on
semantic dementia. Thus, the language performance characteristics associated with semantic dementia are not uniquely
supporting Lichtheim 2 but are equally compatible with
WEAVERþþ/ARC. Fig. 3 reveals that production is worse than
comprehension, which corresponds to the empirical observation that production may be more severely affected from an
earlier stage than comprehension in semantic dementia
(Hodges et al., 1992).
Second, a voxel-based lesion-deficit analysis concerning
semantic errors in picture naming by individuals with poststroke aphasia by Schwartz et al. (2009) associated the errors
with ATL damage. In particular, their analyses revealed that
damage to the middle section of the left MTG (part of the
broadly defined ATL) is most highly associated with semantic
error rate in production, which has also been observed by
valo, Patterson, and Dronkers
Walker et al. (2011). Baldo, Are
(2013) observed that performance on the Boston Naming
Test was most critically dependent on damage to the left mid-

A

posterior MTG and underlying white matter. In Lichtheim 2,
the rate of semantic errors in language production varies with
the degree of damage to the model's representation of the
aSTG (part of the ATL) but not of Broca's area, in line with the
empirical findings. However, severity of damage to the anterior temporal cortex, in particular the middle section of the
left MTG (Indefrey & Levelt, 2004), also affects the rate of semantic errors according to WEAVERþþ/ARC, as shown by results of simulations in Fig. 4A. Semantic errors in production
are assumed to be the consequence of incorrect selection of
lemmas (Roelofs, 1992), not excluding that semantic errors
may also result from incorrect selection of lexical concepts
during conceptualization processes (cf. Roelofs, 2004), as discussed below. Damage to the left MTG was simulated by
decreasing the weight of the connections from lexical concepts to lemmas. Decreasing connection weights reduces the
activation difference between target lemma and semantic
alternatives, which increases the likelihood of semantic errors. In contrast, damage to the form network thought to be
represented in Broca's area does not affect semantic error rate,
shown in Fig. 4B. Damage to this area was simulated by
decreasing the weight of the connections from output phonemes to syllable motor programs, which did not affect the
activation difference between target lemma and semantic
alternatives. Thus, the association of semantic errors in picture naming with damage to the anterior temporal cortex is
not uniquely supporting Lichtheim 2 but is equally compatible
with WEAVERþþ/ARC.
To make sure that the semantic errors reflected lemma
selection during word planning rather than lexical concept
selection in conceptualization, Schwartz et al. (2009) and
Walker et al. (2011) administered tests of nonverbal comprehension ability. After factoring out nonverbal comprehension,
the association between semantic error rate and damage to
left mid-MTG remained, indicating that the errors arise in
word planning rather than conceptualization. Schwartz et al.
and Walker et al. also observed an association between semantic error rate and damage to areas in the left lateral prefrontal cortex corresponding to BA 45 (part of Broca's area) and
BA 46. However, after factoring out nonverbal comprehension
ability, this association was no longer present. This finding is
in line with evidence that inferior frontal cortex, including
Broca's area, is implicated in semantic control (Badre et al.,
2005; Schnur et al., 2009). Inferior frontal cortex is part of

B

Fig. 3 e Language production, comprehension, and repetition performance in semantic dementia as a function of damage
severity in WEAVERþþ/ARC. (A) Damage increase simulated as conceptual weight decrease. (B) Damage increase simulated
as conceptual decay increase.
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Fig. 4 e Production accuracy at the lemma level as a function of locus and severity of damage in WEAVERþþ/ARC. (A)
Damage increase simulated as concept-to-lemma weight decrease. (B) Damage increase simulated as phoneme-to-motor
weight decrease.

frontoparietal and basal ganglia thalamocortical networks
underlying domain-general executive control processes (e.g.,
Aarts et al., 2010; Aarts, Roelofs, & Van Turennout, 2009;
Barbey et al., 2012; Cools, 2011; Duffau, 2008; Duncan, 2010;
Frank, 2011; Geranmayeh, Brownsett, & Wise, 2014; Niendam
et al., 2012; Petersen & Posner, 2012; Roelofs & Hagoort,
2002), see Roelofs (2008d) for a review and WEAVERþþ
implementations. The model implements a procedural theory
of executive control (e.g., Roelofs, 2003, 2007, 2008c; Roelofs &
Piai, 2011). Fedorenko, Duncan, and Kanwisher (2012) provided evidence that language-specific and domain-general
executive control regions lie side by side within Broca's area.
The contribution of inferior frontal cortex to executive
control may include providing top-down input to the conceptual network in temporal cortex during conceptualization,
possibly engaging the IFOF (Duffau et al., 2013, 2014). The topdown input seems to be provided in collaboration with other
frontoparietal areas and the basal ganglia thalamocortical
circuitry (e.g., Aarts et al., 2009; Brownsett et al., 2014; Cools,
2011; Duffau, 2008; Duncan, 2010; Ford et al., 2013;
Geranmayeh et al., 2014; Petersen & Posner, 2012; Piai,
Roelofs, Acheson, & Takashima, 2013; Piai et al., 2014;
Roelofs & Hagoort, 2002; Roelofs et al., 2006). Reducing the
top-down input to concepts in WEAVERþþ/ARC (thought to
correspond to input from frontal to temporal cortex) reduced
the difference in activation between target lemma and semantic alternatives up to 45%, thereby increasing the rate of
semantic errors, in line with Schnur et al. (2009).
More than a century ago, Wundt (1904) criticized the
Wernicke-Lichtheim model (Lichtheim, 1885; Wernicke, 1874)
by arguing that word production and perception engage executive control rather than being passive associative processes, as held by the model. According to Wundt, an
executive control process located in frontal cortex controls the
perisylvian production and perception processes described by
the Wernicke-Lichtheim model. Modern ideas about topdown regulation by frontal cortex of word retrieval processes in temporal cortex (e.g., Badre et al., 2005; Schnur et al.,
2009), including those implemented in WEAVERþþ/ARC, are
descendants of these seminal suggestions by Wundt (e.g.,
Roelofs, 2008a; Roelofs & Piai, 2011).
The observation by Schwartz et al. (2009) and Walker et al.
(2011) that the correlation between semantic error rate in
picture naming and ATL damage remained after factoring out
nonverbal comprehension performance does not imply, of
course, that this region is selective to language production.

There is considerable evidence that the ATL is involved in the
comprehension of verbal and nonverbal stimuli. Moreover,
mounting evidence suggests that the ATL is implicated in
representing “transmodal” meaning (see Lambon Ralph, 2014;
Patterson et al., 2007; for reviews). The evidence comes from
patients with semantic dementia (Bozeat, Lambon Ralph,
Patterson, Garrard, & Hodges, 2000), functional neuroimaging (e.g., Vandenberghe, Price, Wise, Josephs, &
Frackowiak, 1996; Visser, Jefferies, Embleton, & Lambon
Ralph, 2012) and repetitive transcranial magnetic stimulation (rTMS, Pobric, Jefferies, & Lambon Ralph, 2010). This role
of the ATL in representing transmodal meaning is consistent
with the evidence for widespread connectivity between
modality-specific association areas and the ATL (see Binney
et al., 2012). Semantic dementia with atrophy focused in the
ATL and not the perisylvian language areas generates profound comprehension and production impairments but no
problems with repetition (which is replicated by rTMS in
neurologically intact participants, see Pobric, Jefferies, &
Lambon Ralph, 2007). Moreover, a pathway running from
STG to the ATL is implicated in the extraction of meaning from
spoken words (Rauschecker & Scott, 2009). To conclude, there
is strong evidence that the ATL is involved in representing
abstract conceptual representations making up word meanings, which are engaged in both language comprehension and
production.

3.3.

Role of the aSTG in normal language production

According to WEAVERþþ/ARC, activation in left MTG is
relayed via the AF to Broca's area in word production, whereas
according to Lichtheim 2, activation in aSTG is relayed via the
EmC/UF pathway to Broca's area. The results of the metaanalysis of neuroimaging studies on normal word production by Indefrey and Levelt (2004; Indefrey, 2011a) seem to be
better explained by WEAVERþþ/ARC than Lichtheim 2.
Whereas the Lichtheim 2 model assumes that the aSTG is
critically involved in the mapping of conceptual information
onto speech output, Indefrey and Levelt (2004) found no evidence that the area is reliably activated in conceptually driven
word production. In particular, the left aSTG was activated in
picture naming but not in word generation (e.g., say “hit” in
response to the word hammer), which both involve conceptually driven word production. This difference in activation of
the left aSTG between picture naming and word generation
appears to be due to the fact that most studies of picture
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naming in the meta-analysis involved overt responding,
whereas most studies of word generation concerned covert
responding. Across all production tasks in the analysis (i.e.,
picture naming, word generation, word reading, pseudoword
reading), the aSTG was active with overt responding but not
with covert responding. This suggests that the aSTG is activated when speakers hear their own speech (Rauschecker &
Scott, 2009). Indeed, the aSTG is reliably activated in studies
of word and pseudoword listening (Indefrey & Levelt, 2004).
It may be argued, however, that the hemodynamic imaging
literature has considerable biases in it because of various
technical challenges associated with imaging the ATL (e.g.,
Visser, Jefferies, & Lambon Ralph, 2010). Thus, there are systematic non-sampling issues for this brain region (which is
also true for classic lesion-deficit analyses, which are based
heavily on MCA stroke cases that also under-sample the same
brain region, see Lambon Ralph, 2014). However, it seems
unlikely that the evidence of absence of aSTG contributions to
production in the meta-analysis by Indefrey and Levelt (2004)
is only absence of evidence due to low sensitivity of standard
acquisition protocols for fMRI to activity in this area. The
distortion problems and field-of-view limitations are especially relevant to the ventral and not the dorsal aspects of the
ATL (e.g., Visser et al., 2010). Moreover, the aSTG was found to
be implicated in auditory comprehension in a meta-analysis
of word and pseudoword listening studies by Indefrey and
Levelt. Furthermore, the aSTG was found to be active with
overt but not with covert responding across picture naming
and reading tasks. Thus, the absence of reliable activation of
the aSTG in conceptually driven language production seems
real rather than due to low sensitivity of the imaging methods
used.
However, the limited temporal resolution of fMRI and PET
does not allow one to relate the activations in the aSTG in
overt responding to either the word planning process itself or
to hearing the produced speech. In MEG studies, though, it
may be assessed whether aSTG activity occurs during or after
word planning. In the MEG studies of picture naming reviewed
by Indefrey and Levelt (2004; Indefrey, 2011a), there was no
reliable activation of the aSTG during word planning.
These findings on the absence of aSTG activity in normal
language production are in line with the evidence from
Schwartz et al. (2009) and Walker et al. (2011) that semantic
errors in picture naming are most highly associated with
damage to the middle section of the left MTG (BA 21). The ATL
regions associated with semantic errors in the studies of
Schwartz et al. and Walker et al. included BAs 38, 22, and 21.
The aSTG encompasses BA 38 and BA 22. An uncoupling of the
effects of damage in BA 22 (aSTG) and BA 21 (MTG) by Walker
et al. revealed that BA 21 but not BA 22 contributed to the
semantic errors, suggesting that the effects observed in BA 22
were dependent on its shared variance with BA 21. Based on
this, Walker et al. (2011) stated that “the MTG, not the STG, is
more likely critical to the effect” (p. 117). It is unclear to what
extent semantic errors were associated with damage to the
STG part of BA 38 rather than its MTG part, which may be
examined in future studies.
To conclude, whereas Lichtheim 2 assumes that the aSTG
is critically involved in mapping concepts onto speech output,
the meta-analysis of Indefrey and Levelt (2004; Indefrey,

2011a) suggests that the area is not active in conceptually
driven word production (except in hearing self-produced
speech), which challenges Lichtheim 2. In contrast, the
absence of activity in the aSTG agrees with the WEAVERþþ/
ARC model, which assumes that the middle portion of the left
MTG rather than the aSTG is critically involved in conceptually driven word production.

3.4.

Damage to the ventral and dorsal fiber tracts

The Lichtheim 2 and WEAVERþþ/ARC models make different
predictions concerning the consequences for language performance of damage to the ventral and dorsal white-matter fiber
tracts. According to Lichtheim 2, damage to the EmC/UF
pathway should primarily impair conceptually driven language
production (i.e., picture naming and conversation), whereas
damage to the AF should primarily impair repetition (although
production may also be affected to some extent, see Fig 3B of
Ueno et al., 2011). Importantly, impaired production performance is expected to be more strongly associated with damage
to the EmC/UF than the AF pathway, because production is
primarily underpinned by the ventral pathway in the model. In
contrast, according to WEAVERþþ/ARC, damage to the AF is
expected to impair not only repetition but also conceptually
driven language production (although how much each of these
abilities is affected depends on the exact locus of the lesion),
whereas damage to the EmC/UF pathway is expected to have
much less of an effect (it should affect executive control).
Recent evidence supports the prediction of WEAVERþþ/ARC
that damage to the AF rather than the EmC/UF pathway is
associated with impaired production performance.
Marchina et al. (2011) and Wang et al. (2013) observed that
stroke-induced damage to the AF but not the EmC or UF
pathway was associated with impaired language production
performance. Production impairment was assessed using
three measures of spontaneous speech elicited in conversational interviews (i.e., rate, informativeness, and overall efficiency) and picture naming ability evaluated by the Boston
Naming Test. Rate was indexed by the number of words per
minute, informativeness by the number of correct information units (CIUs) per total words produced (%CIUs), and overall
efficiency by the number of CIUs per minute. For the informativeness and overall efficiency scores to be high, the
lexical-semantic part of the AF has to be relatively intact.
Multiple-regression analyses showed that AF lesion load (i.e.,
percent of AF damaged) significantly predicted all four measures of language production performance, whereas lesion
load and overall lesion size of the EmC and UF pathway did
not. Fig. 5 shows that WEAVERþþ/ARC accounts for the linear
relationship between language production performance and
AF lesion severity observed by Marchina et al. (2011). Wang
et al. (2013) found the same linear relationship between
amount of AF damage and impaired production performance
in their data. In line with these findings, Wilson et al. (2011)
observed that damage to the SLF/AF but not the EmC or UF
pathway was associated with impaired conversation performance in primary progressive aphasia, also in a linear way.
According to Lichtheim 2, damage to the AF should primarily impair repetition although language production may
also be affected to some extent. Thus, the model is in
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Fig. 5 e Language production performance as a function of arcuate fasciculus (AF) lesion severity. (A) Relationship between
percentage correct information units in conversation (%CIUs) and AF lesion load observed by Marchina et al. (2011). (B)
Production accuracy at the motor program level in WEAVERþþ/ARC as a function of decreased weights for the connections
between lexical output form nodes and output phoneme nodes, thought to correspond to damage to the AF.

agreement with the observation that AF damage predicts
impaired production performance. However, given that
conceptually driven language production primarily proceeds
via the ventral EmC/UF pathway in the model, it is expected
that damage to this ventral pathway also predicts impaired
production performance, but this was not observed by
Marchina et al. (2011) and Wang et al. (2013).
It should be noted, however, that Marchina et al. (2011) and
Wang et al. (2013) excluded from their studies any patient with
severe comprehension deficits (assessed by the Auditory
Comprehension subtest of the Boston Diagnostic Aphasia
Evaluation) or reasoning deficits (assessed by the Raven's
Colored Progressive Matrices). Thus, although the EmC/UF
pathway was damaged in many patients, this did not lead to
severe comprehension or reasoning deficits. The exclusion
criteria of Marchina et al. and Wang et al. may have biased
their sample away from executive control and conceptual
impairments and more towards phonological impairments.
Both Lichtheim 2 and WEAVERþþ/ARC associate phonological
impairments with the AF and posterior temporal areas. The
issue of a possible sampling bias should be examined in future
investigations.
Using voxel-based lesion-deficit analysis concerning
phonological errors in picture naming by individuals with
post-stroke aphasia, Schwartz et al. (2012) found that damage
to the dorsal processing stream was most highly associated
with phonological error rate. In agreement with these findings, reducing the weights of the connections between lexical
output forms and output phonemes in WEAVERþþ/ARC increases the probability of phonological but not of semantic
errors in the model. For example, reducing the connection
weight by 50% increases the rate of phonological errors by
some 60% but has no effect on the rate of semantic errors.
Errors in the model will be omissions or substitutions (e.g., mat
for cat), in line with the empirical findings. In the model, syllable program nodes become available for selection upon
exceeding an activation threshold. With reduced activation
because of damage, the threshold may not be exceeded
(yielding omissions) or the motor program of a phonologically
related word may be erroneously selected (yielding substitutions), see Roelofs (1997) and Levelt et al. (1999) for discussion. Damage to the dorsal pathway not only impairs
picture naming but also repetition. In a group study,
Kümmerer et al. (2013) observed that stroke-induced damage

to the AF impaired repetition performance (they did not
examine language production), whereas damage to the EmC
pathway affected language comprehension performance.
To conclude, WEAVERþþ/ARC accounts for the evidence
that damage to the AF but not the EmC/UF pathway is associated with impaired language production performance.
Lichtheim 2 may explain the association between AF damage
and impaired production. However, the model predicts that
damage to the EmC/UF pathway should also be associated
with impaired language production performance, but this is
not observed empirically.

3.5.

Importance of computer simulations

It may seem that given the structure of WEAVERþþ/ARC, the
consequences of disrupting different components are entirely
predictable. This raises the question of what a computational
implementation adds beyond a verbal description, like the
original diagrams of Lichtheim (1885) and several more recent
models (e.g., Geschwind, 1972; Glasser & Rilling, 2008). The
present simulation study shows that the value of formal
models (like Lichtheim 2, the model of Dell et al., 2013; the
model of Rapp & Goldrick, 2000; WEAVERþþ/ARC) is at least
twofold, namely providing evidence about the necessity and
sufficiency of theoretical assumptions.
First, computer simulations provide a formal test of the
necessity of theoretical assumptions. For example, the present WEAVERþþ/ARC simulations of classic aphasia types
(Fig. 2) demonstrate that the assumptions made by Lichtheim
2 are not necessary to account for the typical patterns of
relatively impaired and spared performance. Instead, a
different set of assumptions (i.e., those of WEAVERþþ/ARC)
may account for the findings as well. This is an important
observation because it shows that empirical findings taken to
be in favor of particular models (i.e., Lichtheim 2 with a ventral
pathway mapping of meaning onto articulation) are, in fact,
only consistent with those models and equally compatible
with other models (i.e., WEAVERþþ/ARC with a dorsal
pathway mapping of meaning onto articulation).
Second, computer simulations provide a formal test of the
sufficiency of theoretical assumptions. For example, the present WEAVERþþ/ARC simulations demonstrate that a single
coherent set of assumptions is sufficient to account for findings coming from behavioral psycholinguistic, functional
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neuroimaging, tractographic, and aphasiological studies.
Whether a model can account for particular findings is not
always apparent. For example, WEAVERþþ/ARC has
nonlinear activation curves (see e.g., Fig. 6 in Roelofs, 1997;
and Fig. 15 in Roelofs, 2003) but can nevertheless account for
linear relationships in the data about the behavioral consequences of AF damage (Marchina et al., 2011; Wang et al., 2013;
Wilson et al., 2011), as shown in Fig. 5.

3.6.

Generalized lessons and issues to be resolved

In previous sections, I highlighted differences between Lichtheim 2 and WEAVERþþ/ARC. However, the models also agree
in several respects, which suggests that there are important
generalized lessons to be extracted from both models and
other related ones (e.g., Dell et al., 2013). In this section, I
briefly discuss where the models agree and where there are
issues to be resolved.
Considering the behavioral aspects of WEAVERþþ/ARC
and Lichtheim 2, it is clear that both models can account for
the classic aphasia types as well as normal language performance (see Section 3.1). This observation is interesting and
important because WEAVERþþ/ARC and Lichtheim 2 use
different types of computational implementation (i.e., localist
vs parallel distributed processing, respectively), suggesting
that there are important shared characteristics that allow
both models to capture key behavioral patterns. At least one of
these overarching shared characteristics is the assumption of
two pathways mediating core language processes, which have
an important division of labor between them. One pathway in
both models is specialized (more) for phonological processes
and the other pathway (more) for lexical and semantic processes. There are important interactions between the pathways as well but the division of labor means that phonological
processes occur somewhat independently of lexical and semantic processes. This implies, amongst other things, that
pseudowords can be repeated and a dissociation occurs between conduction and transcortical aphasias (cf. McCarthy &
Warrington, 1984). This division of labor is not a new characteristic but was already part of the Wernicke-Lichtheim
model (Lichtheim, 1885; Wernicke, 1874) and has been highlighted by McCarthy and Warrington (1984). More recently, the
assumption of two pathways has been explored computationally in other models (e.g., Dell et al., 2013; Nozari et al.,
2010).
Moreover, it is important to note that each model captures
an additional non-overlapping range of data. The WEAVERþþ/
ARC model inherits the ability to simulate a wide variety of
naming data from WEAVERþþ (e.g., Levelt et al., 1999; Roelofs,
1992, 1997, 2003, 2004, 2007, 2008a, 2008b, 2008c). These data
concern response times in a broad range of behavioral studies.
The model has not only been applied through simulation to
Germanic languages like Dutch and English, but also to languages in other families including Mandarin Chinese and
Japanese (Roelofs, 2014b). Moreover, the model mirrors parallel findings from the work of Dell and colleagues (e.g., Dell
et al., 2013; using a similar type of computational modeling),
which has made important contributions to simulating largescale aphasic patient data. The Lichtheim 2 model addresses
the challenges of distributed and time-varying sound

representations, and the mapping from these representations
to stable time-invariant semantic representations. The model
also has a reasonably large vocabulary and its representations
are learned from scratch rather than being hand-coded. The
learning aspect of the model also allows explorations of
spontaneous recovery after damage, including shifts in the
division of labor between the ventral and dorsal pathways,
which may be important for clinical application. The model
has also been extended to simulations of conduite d'approche
phenomena (Ueno & Lambon Ralph, 2013) and verbal shortterm memory (Ueno et al., 2014).
The work of Dell et al. (2013) and Ueno et al. (2011) has
convincingly demonstrated that it is important to use
computational models to test possible neuroanatomical architectures as well as cognitive processes and behavior. Their
modeling successes indicate that we are now in a position to
bring neuroanatomical assumptions together with computational models in a formal way. Thereby, it is important to test
and evaluate a range of anatomical assumptions across
different types of computational implementation. This should
lead to a better understanding of the emergent characteristics
and will also indicate where we need to have greater clarity
not only on cognitive but also anatomical issues. When the
results of Ueno et al. and the current article are combined with
the work of Dell and colleagues, it becomes clear that the full
range of normal and impaired language functions cannot be
captured without a degree of functional specialization (i.e.,
division of labor) between two pathways, although with some
interactivity between them.
Thus, we are now in an interesting situation where two
computational models, Lichtheim 2 and WEAVERþþ/ARC, fit
the same target behavioral data (i.e., classic acute-onset and
progressive aphasias). Both models assume two pathways,
one being specialized (more) for phonological processes and
the other (more) for lexical and semantic processes. Both
models agree on this cognitive distinction despite different
computational implementations. The key difference between
the models is not cognitive or computational but in regard to
neuroanatomical assumptions. WEAVERþþ/ARC assumes
that the two pathways are routed through the AF, whereas
Lichtheim 2 assumes that they reflect dorsal and ventral fiber
tracts and thus have much greater anatomical separation. The
models have clarified novel, key questions with regard to the
functional roles of these known white-matter pathways.
Although there is evidence in favor of both models, the
absence of reliable aSTG activity in neuroimaging studies on
production (Section 3.3) and the findings on the differential
effects of AF and EmC/UF pathway damage on production
(Section 3.4) seem to specifically support the dorsal-pathway
account of production implemented in WEAVERþþ/ARC.
However, it is also clear that we have still insufficient
knowledge about the functional roles of the two pathways to
definitely arbitrate between the models. Rather, the computational implementation of the two theoretical alternatives
should help in directing future cognitive neuroscience studies.
To adjudicate between the models, clearly new rounds of
more targeted empirical investigations are required.
It is important to note that both Lichtheim 2 and
WEAVERþþ/ARC assume that there are white-matter connections between temporal and frontal regions beyond the AF.
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The existence of these tracts in both humans and nonhuman
primates was already known for some time by neuroanatomists and also assumed by Wernicke (1874), see Dick and
Tremblay (2012) and Weiller et al. (2011) for historical accounts. However, these ventral tracts have more recently
come to prominence due to in vivo tractography (e.g., Parker
et al., 2005; Saur et al., 2008, 2010) and targeted dissection
studies (e.g., Duffau et al., 2013, 2014). The ventral whitematter connections include the UF, IFOF, and MdLF.
Although there is debate about the exact functionality of these
tracts (e.g., Dick & Tremblay, 2012; Duffau et al., 2013, 2014),
the presence of ventral connections between temporal and
frontal regions is widely accepted. A crucial issue for
comparing WEAVERþþ/ARC and Lichtheim 2 is the interpretation of the functional role of the ventral pathway.
WEAVERþþ/ARC assumes that the ventral pathway has not a
direct role in mapping meaning onto sound in language production but only has a role in the executive control of this
mapping. In contrast, Lichtheim 2 assumes that the ventral
white-matter connections are directly involved in mapping
meaning onto sounds in language production. These different
assumptions will have to be the target of future studies.
Finally, there are findings that seem consistent with a role
of ventral connections in mapping meaning onto articulation,
as assumed by Lichtheim 2, although WEAVERþþ/ARC also
suggests alternative explanations. As argued earlier (Section
3.2), the data on patients with semantic dementia (e.g.,
Patterson et al., 2007) and the data on semantic errors in picture naming by stroke patients (Schwartz et al., 2009; Walker
et al., 2011) are in agreement with both models. However,
there are at least two lines of evidence that would suggest
direct and fast connections from the ATL to prefrontal regions,
and a role of these connections in conceptually driven language production. First, using cortico-cortical connectivity
analyses, Matsumoto et al. (2004) have shown fast (e.g.,
~50 msec) and direct connections from vATL to prefrontal
cortex. Second, using intraoperative direct electrical stimulation of the brain in awake patients during picture naming,
Duffau and colleagues (Duffau et al., 2013, 2014) observed that
stimulating the IFOF yielded semantic errors. Electrically
stimulating the UF did not elicit any language disturbances,
suggesting a greater contribution of the IFOF than the UF to
ventral stream processing in production. Stimulation of the AF
yielded omissions or phonological errors in picture naming, in
line with the findings of Schwartz et al. (2012) on dorsal stream
damage in stroke-induced aphasia. These results from
cortico-cortical connectivity and electrical brain stimulation
studies are consistent with Lichtheim 2 and its assumptions.
However, WEAVERþþ/ARC provides an alternative account. According to this account, the IFOF is not relevant
directly to language production but primarily supports an
interaction between executive processes (in prefrontal cortex)
and core language processes (in temporal cortex), including
the reading of conceptual information into working memory
and the top-down enhancement of target concepts in temporal cortex (although Fig. 1 illustrates the top-down influence, the information flow is assumed to be bidirectional
during executive control). Consequently, direct electrical
stimulation of the IFOF disrupts these executive processes and
their influence on ATL conceptual representations, thereby
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yielding incorrect conceptual input to the language production processes, which propagate via the AF. It is important to
emphasize that the underpinning of executive control by the
ventral pathway is not only assumed for language production
(cf. Badre et al., 2005; Schnur et al., 2009) but also for auditory
language comprehension (Saur et al., 2008, 2010).
To conclude, Lichtheim 2 and WEAVERþþ/ARC not only
differ but also agree in several respects, suggesting important
generalized lessons. Issues to be resolved mainly concern
different assumptions about functional anatomy. These assumptions should be targets of future cognitive neuroscience
studies.

4.

Conclusions

While Lichtheim 2 was built on evidence that the dorsal AF
pathway primarily underlies repetition and the ventral EmC/
UF pathway underlies language comprehension, the model
speculatively assumed that also language production is primarily achieved via the ventral pathway. The present article
reviewed evidence that seems to challenge this ventralpathway view on production and showed the viability of a
dorsal-pathway view. Future research may develop
WEAVERþþ/ARC and Lichtheim 2 further and test the models
in targeted behavioral psycholinguistic, functional neuroimaging, tractographic, and aphasiological studies.
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