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A B S T R A C T   

It has been known since Pick (1892, 1904) that word retrieval is commonly impaired in left temporal lobe 
degeneration. Individuals with semantic dementia (SD), Alzheimer’s dementia (AD), and mild cognitive 
impairment (MCI) present with word retrieval difficulty, while comprehension is less affected and repetition is 
preserved. Whereas computational models have elucidated performance in poststroke and progressive aphasias, 
including SD, simulations are lacking for AD and MCI. Here, the WEAVER++/ARC model, which has provided 
neurocognitive computational accounts of poststroke and progressive aphasias, is extended to AD and MCI. 
Assuming a loss of activation capacity in semantic memory in SD, AD, and MCI, the simulations showed that 
severity variation accounts for 99% of the variance in naming, comprehension, and repetition at the group level 
and 95% at the individual patient level (N = 49). Other plausible assumptions do less well. This supports a 
unified account of performance in SD, AD, and MCI.   

1. Introduction 

Difficulty in word retrieval is a ubiquitous symptom of progressive 
neurodegenerative disease affecting the temporal lobes, which has been 
known since the seminal reports of Pick (1892/1977, 1904/1997). 
Retrieval problems are observed in semantic dementia (SD), Alzheimer’s 
dementia (AD), and mild cognitive impairment (MCI). Picture naming, 
assessing word retrieval, is among the tasks showing the greatest deficits 
in SD (e.g., Rogers et al., 2006), AD (e.g., Laws et al., 2007), and MCI (e. 
g., Joubert et al., 2021; Taler et al., 2020). Naming is also a good pre
dictor of progression from MCI to AD (Belleville et al., 2017). Individuals 
are more impaired on picture naming in SD than in AD, and more in AD 
than in MCI, and all three groups show worse performance than healthy 
age-matched controls (e.g., Janssen et al., 2022; Rogers et al., 2006). 
Semantic memory is disrupted in all three patient groups, whereas 
syntax and phonology tend to be preserved (e.g., Hodges, 2006; Landin- 
Romero et al., 2016). Therefore, a plausible hypothesis is that differ
ences in performance between groups reflect, to an important extent, 
different severities of semantic disruption (but see Gallant et al., 2019; 
Isella et al., 2020, 2022). To examine this hypothesis, computer simu
lations with the WEAVER++/ARC model (Roelofs, 2014, 2022) were 
run. Simulation is an important tool in testing whether theoretical as
sumptions can account for the data, with the requirement to precisely 
define the nature of representation and processing, and here, also the 

nature of the deficit. 
Computational models (e.g., Dell et al., 1997, 2013; Ueno et al., 

2011; Walker & Hickok, 2016) have elucidated single-word impair
ments in poststroke aphasia and in one variant of primary progressive 
aphasia (PPA), namely SD, or have been designed to account for the 
deterioration of semantic memory in SD (Rogers et al., 2004). The 
WEAVER++/ARC model has been applied to both poststroke aphasia 
(Roelofs, 2014, 2021) and the three variants of PPA (Janssen et al., 
2020; Roelofs, 2022). The model integrates behavioral psycholinguistic, 
functional neuroimaging, tractographic, and aphasiological evidence 
(WEAVER++/ARC is an acronym standing for Word Encoding by 
Activation and VERification / Arcuate Repetition and Conversation). 
Following a proposal by Pick (1892/1977, 1908) and modern insights 
(e.g., Mandelli et al., 2016; Seeley et al., 2009; Zhou et al., 2012), the 
impairments in PPA are assumed to arise from a progressive loss of 
activation capacity in portions of the language network with neuro
cognitive epicenters that are specific to each PPA variant. In SD, the 
neurocognitive epicenter involves the anterior temporal lobes (ATL) 
underpinning semantic memory, particularly in the left hemisphere, 
which is also atrophied in AD and MCI. 

In this article, I first present background information on SD, AD, and 
MCI, including insights from work published in German between 1892 
and 1926. Although basic facts about clinical presentation and relation 
to circumscribed brain atrophy were documented, they laid dormant for 
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half a century, only to be discovered again in the 1970s (Warrington, 
1975) and later (e.g., Hodges et al., 1992; Ohm et al., 2022; Snowden 
et al., 1989; Zhou et al., 2012). Also, Pick (1908) proposed an account, 
further supported by modern research. Next, the WEAVER++/ARC 
model and its extension along Pickian lines to AD and MCI is outlined. In 
subsequent sections, I use the model to fit the naming, comprehension, 
and repetition performance of patients with SD, AD, and MCI (i.e., data 
from Janssen et al., 2022), at both group and individual patient levels. 
To enable evaluation of the model fits, information about the flexibility 
of the model, the variability of the data, and the specificity of the pre
dictions is provided, argued to be necessary by Roberts and Pashler 
(2000). The specificity was examined in simulations with an additional 
locus of damage for AD (Isella et al., 2020, 2022) and a mixture of loci 
for MCI (Gallant et al., 2019). 

1.1. Historical background and characteristics of SD, AD, and MCI 

Pick (1892/1977, 1904/1997) described four cases with pronounced 
atrophy of the left temporal lobe (his life and work in Prague are por
trayed by Kertesz & Kalvach, 1996). One of the patients, Anna Jirinec, 
75 years old, presented with fluent speech but severe word retrieval 
difficulty, impaired word comprehension, and impaired conceptual 
knowledge, alongside possibly spared episodic memory (Spatt, 2003). 
Fischer (1910) reported that her brain at autopsy did not contain pla
ques and tangles (Alzheimer, 1907; Fischer, 1907), thus she was not 
afflicted with the disease named after Alzheimer. Side and coronal views 
of Jirinec’s brain (Fig. 1) suggest that especially the anterior part of the 
left temporal lobe was atrophied, while Wernicke’s area and the 
hippocampi were less affected. These observations on the distribution of 
atrophy have been made in other cases by Altman (1923) and Onari and 
Spatz (1926) using macroscopic and histopathological methods, and 
also in a modern case series study (Mesulam et al., 2015) and in a 
quantitative meta-analysis of gray matter volume reductions in SD 
(Yang et al., 2012). The clinical and neuroanatomical features of Jirinec 
resemble those of SD (e.g., Gorno-Tempini et al., 2011; Patterson et al., 
2007). 

Following up on Pick (1904) and Fischer (1910), Alzheimer (1911/ 
1991) reported on a histopathological study of two cases of circum
scribed temporal cortex atrophy. The pathology of one patient, 65-year- 
old Therese Mühlich, was described in detail, and Stertz (1926) provided 
a clinical description. Using silver staining, Alzheimer did not observe 
the plaques and tangles that he had found a few years earlier in the brain 
of his patient Auguste Deter (Alzheimer, 1907). Instead, he observed 
round inclusions in the cytoplasm of nerve cells and ballooned cells, 
which later came to be called Pick bodies and cells, suggesting a 
different disease. Later research has shown that these inclusions and 
cells are present in only a minority of cases and that instead TDP-43 
positive pathology is characteristic of SD (e.g., Landin-Romero et al., 
2016). Onari and Spatz (1926) examined the brain of Anna Bradt, 65 
years old, clinically described by Stertz as presenting with fluent speech 
but severe word retrieval difficulty, impaired word comprehension, and 
impaired conceptual knowledge, alongside seemingly spared episodic 
memory. Degeneration was most prominent in the left temporal pole 
and fusiform gyrus, while sparing Wernicke’s area and the hippocampi, 
and with atrophy predominantly present in the upper layers of the 
cortex. Modern large-scale research in patients (N = 97) has shown that 
the upper-layer predominance is the signature laminar distribution of 
TDP-43 pathology (Ohm et al., 2022). 

To explain why the atrophy is circumscribed and leads to focal 
symptoms, Pick (1908) proposed an account in terms of a functional 

network, assuming that “occasionally such a systematically similar 
group of neurons, i.e., a system in the older sense, succumbs to atrophy 
earlier than the others, and as a result the function of this system fails in 
a completely isolated manner”1 (p. 24). A drawing of Ramón y Cajal was 
used to illustrate how laminar-specific atrophy may occur. Although 
Alzheimer (1911/1991) rejected Pick’s functional account, Gans (1923) 
and Onari and Spatz (1926) provided evidence that the locus and 
anatomical spread of the disease have a functional basis. Modern 
research has shown that neurodegenerative diseases, including those 
underlying SD and AD, target specific functional networks, starting in 
regions with heavy network traffic and propagating along strong func
tional and anatomical connections (e.g., Mandelli et al., 2016; Seeley 
et al., 2009; Zhou et al., 2012). 

An important functional distinction regarding memory is between 
the learning/consolidation and storage of knowledge (see Eichenbaum, 
2012, for a review). Whereas lateral temporal cortex stores factual 
knowledge about concepts and words as well as knowledge about per
sonal events, together called declarative memory, the hippocampus 
plays a critical role in learning new declarative knowledge and consol
idating it in neocortical areas. While patients with SD present with a loss 
of conceptual knowledge (Warrington, 1975) and atrophy of the ATLs 
(Hodges et al., 1992; Snowden et al., 1989; see Lombardi et al., 2021, for 
a large-scale study), patients with AD have a prominent disturbance of 
the consolidation ability and atrophy of medial temporal regions, pre
dominantly in the hippocampus. The disease in AD begins in the ento
rhinal cortex, then spreads into the hippocampal formation, and later 
progresses to the lateral temporal cortex and other brain regions (e.g., 
Braak & Braak, 1991; Josephs et al., 2020). The spread to temporal 
cortex includes the temporal pole (e.g., Arnold et al., 1994), disrupting 
the stored conceptual knowledge. People with MCI present with sub
jective memory complaint or objective memory impairment, normal 
general cognitive functioning, and intact activities of daily living (e.g., 
Petersen et al., 1994; Petersen & Morris, 2005). In a large-scale study 
examining the patterns of longitudinal cortical atrophy in MCI (N = 295) 
relative to healthy controls (N = 134), Edmonds et al. (2020) observed 
that initially atrophy may be most pronounced in medial temporal re
gions, in both bilateral medial and lateral temporal regions, or in these 
regions along with atrophy in frontal, parietal, and occipital cortex, but 
that over time, lateral temporal cortex is affected in all cases. For a re
view of a century of research into AD, and MCI as a precursor of AD, I 
refer to Hodges (2006). 

1.2. Single-word task performance in SD, AD, and MCI 

Janssen et al. (2022) assessed single-word production, comprehen
sion, and repetition in PPA, including SD, as well as in AD and MCI using 
a Dutch version of the Sydney Language Battery (SYDBAT) originally 
developed for English (Savage et al., 2013). Patients with PPA, AD, MCI, 
and education- and age-matched healthy controls were compared on 
picture naming, auditory word comprehension, and word repetition 
tasks. The patients did not have visual issues. The target stimuli were 30 
imageable nouns of three or more syllables (e.g., elephant), which were 
used in each of the tasks. In the naming task, participants saw objects as 
colored photographs and spoke the name of each object (e.g., an 
elephant, say “elephant”). In the word comprehension task, the exam
iner spoke words (e.g., “elephant”) and the participants selected for each 
word the matching picture from a display of seven photographs. In the 
repetition task, the examiner spoke words (e.g., “elephant”) and the 
participants repeated each word (i.e., say “elephant”). For each task, the 
percentage of correct responses was recorded for each participant. 

1 “dass gelegentlich eine solche systematisch gleichgeartete Neurongruppe, 
also ein System im älteren Sinne, früher als die übrigen der Atrophie verfällt, 
und dadurch ganz isoliert die Funktion dieses Systems ausfällt” (Pick, 1908, p. 
24). 
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Although only 30 items were used per task, Janssen et al. showed that 
the SYDBAT has good construct validity and reliability. 

In line with prior studies, Janssen et al. (2022) observed that in SD 
(N = 13), AD (N = 13), and MCI (N = 23)2, naming was more impaired 
than comprehension, while repetition was preserved. Naming and 
comprehension were more severely disrupted in SD than in AD (29% vs. 
62% correct for naming, and 78% vs. 85% correct for comprehension) 
and more disordered in AD than in MCI (62% vs. 78% correct for 
naming, and 85% vs. 93% correct for comprehension), while perfor
mance for repetition was comparable between groups (i.e., 96%, 97%, 
and 99% correct). Using the SYDBAT, Leyton et al. (2014) compared 
naming, comprehension, and repetition performance between SD (N =
13) and AD (N = 23) in English. As Janssen et al., they observed that 
naming and comprehension were more disrupted in SD than in AD (18% 
vs. 67% correct for naming, and 52% vs. 83% correct for comprehen
sion), while performance for repetition was comparably preserved (i.e., 
95% vs. 97% correct). These results agree with the idea that semantic 
memory is more severely disordered in SD than in AD, and least in MCI 
(see also Rogers et al., 2006). This was confirmed by an assessment of 
conceptual knowledge by Janssen et al. using a fourth task of the SYD
BAT that involves picture-picture matching. Participants saw a target 
picture and had to select a closely related picture from a set of four 
options. As with word comprehension, performance was worse in SD 
than AD (66% vs. 74% correct), and worse in AD than in MCI (74% vs. 
86% correct). The similar patterns of performance for word-to-picture 
and picture-to-picture matching indicate that the loss of conceptual 
knowledge is the same across input modalities (i.e., word and picture), 
involving supramodal conceptual representations (cf. Patterson et al., 
2007). 

Although it is evident from the average test scores that overall per
formance across tasks is better in MCI than in AD, and worst in SD, it is 
not evident that the patterns of performance across tasks may result from 
different average severities. Performances do not simply proportionally 
differ between groups. For example, the ratio of naming and compre
hension scores is 0.47 in SD but 0.92 in AD. Thus, relative to 

comprehension, naming has disproportionally deteriorated in SD 
compared to AD. Assuming a linear relationship between naming and 
comprehension explains only 44% of the variance in SD, 41% in AD, and 
62% in MCI. Whereas naming is worse than comprehension in SD, AD, 
and MCI, Ueno et al. (2011) reported that naming and comprehension 
decline to the same extent in simulations with their Lichtheim 2 model. 
Simulations may clarify whether the WEAVER++/ARC model exhibits 
the disproportionate deterioration effects. Moreover, although variation 
in semantic memory damage shared between SD, AD, and MCI would be 
the simplest account, other investigators have argued for an additional 
locus of damage in AD (Isella et al., 2020, 2022) or a mixture of loci in 
MCI (Gallant et al., 2019). Simulations may clarify how well these other 
assumptions do in the model. 

1.3. The WEAVER++/ARC model 

Pick (1913) outlined a stage theory of language production, which 
foreshadowed the modern theories of Garrett and Levelt (see Levelt, 
2013, for a historical account). The theory assumes that thoughts are 
first made ready for verbal expression (“ausdrucksfähig”, p. 229) by 
mapping them onto propositional structures (in modern terms, a pre
verbal message making explicit the lexical concepts), which activate 
syntactic frames, followed by the insertion of words. Word production 
involves word selection (“Wortwahl”, p. 245) followed by word 
formulation (“Wortformulierung”), which seems similar to lexical se
lection and word-form encoding in modern theories. Pick assumed that 
in spoken word production, concepts are not directly mapped onto 
motor programs (as Wernicke, 1874, assumed), but that more interme
diate stages are involved. He argued that the nature of these stages 
should be illuminated by research into the normal process (p. 259). The 
multistage WEAVER++/ARC model was originally built on evidence 
about the normal process (e.g., Levelt et al., 1999; Roelofs, 1992, 2018), 
but has been extended to account for impairments during the past 
decade. 

Semantic memory is part of the brain system for declarative 
knowledge, which is distinct from a brain system for procedural 
knowledge (e.g., Eichenbaum, 2012). The WEAVER++/ARC model as
sumes that an associative network realizes declarative knowledge about 
concepts and words, thought to be represented in temporal and inferior 
frontal regions, and that condition-action rules realize procedural 

Fig. 1. Side view (top) and coronal views (bottom) of the left and right hemispheres of the brain of patient Anna Jirinec reported by Pick (1904/1997). Adapted from 
his Tables VII-IV (not reproduced with the English translation in 1997 or scanned as part of the digitalized journal archive). 

2 Janssen et al. (2022) tested 25 participants with MCI, but two were 
excluded here and from the simulations because they had missing scores for 
repetition or for comprehension and repetition. 
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knowledge, thought to be represented in frontal regions, basal ganglia, 
and thalamus (Roelofs, 2014, 2021, 2022; for a review, see Roelofs & 
Ferreira, 2019). The structure of the model is illustrated in Fig. 2. 

In naming, comprehension, and repetition, the associative network is 
accessed by spreading activation while condition-action rules select 
activated nodes that satisfy the task demands specified in working 
memory (i.e., name a picture, comprehend a word, repeat a word). The 
condition-action rules also exert top-down control in conceptually 
driven word production by selectively enhancing the activation of target 
lexical concept nodes in the network in order to achieve quick and ac
curate retrieval and encoding operations. Lexical concepts are assumed 
to be part of a hub of supramodal conceptual representations, thought to 
be represented in the ATL bilaterally, which integrate modality-specific 
features that are represented in widespread brain areas for perception 
and action (e.g., Lambon Ralph, 2014; Patterson et al., 2007; Pick, 
1931). The lexical concepts are linked to lemmas (in the middle section 
of left middle temporal gyrus, MTG) that specify the syntactic properties 
of words (such as that the word cat is a noun, N), thought to be repre
sented in left posterior superior temporal gyrus (STG) and MTG. Lemmas 
are linked to lexical output forms or morphemes (e.g., singular <cat>) in 
left posterior STG and MTG (Wernicke’s area), and the lexical output 
forms are linked to output phonemes (e.g., /k/, /æ/, and /t/) in left 
posterior inferior frontal gyrus (IFG; i.e., Broca’s area), which are linked 
to syllable motor programs (e.g., [kæt]) in ventral precentral gyrus. 
Input phonemes (e.g., /k/, /æ/, and /t/) and lexical input forms (e.g., 
<cat>) underpinning word comprehension and repetition are thought 
to be represented in middle to posterior STG and superior temporal 
sulcus (STS) bilaterally (see Kemmerer, 2022, for a review). 

In picture naming, activation traverses from lexical concepts via 
lemmas, lexical output forms, and output phonemes to motor programs. 
In word comprehension, activation spreads from input phoneme nodes 
via lexical input forms and lemmas to lexical concepts. In repetition, 
activation spreads from input phonemes to output phonemes, and from 
input phonemes via lexical form and lemma nodes to output phonemes, 
and from output phonemes to motor programs. Hanley et al. (2004) and 
Nozari and Dell (2013) also assumed lexical and sublexical routes in 
simulations of spoken word repetition in poststroke aphasia. In naming 
and repetition in WEAVER++/ARC, condition-action rules for phono
logical encoding are engaged to syllabify the output phonemes and 
assign a stress pattern across syllables. The resulting phonological word 
representation is then used to select matching motor programs for the 
phonological syllables. 

1.4. Assumptions about SD, AD, and MCI 

The model assumes that a progressive degeneration of the conceptual 
network is common to SD, AD, and MCI. Dissolution of the network 

determines the pattern of aphasic symptoms and the spatial distribution 
of atrophy, as proposed by Pick (1908). Atrophy may reduce the ca
pacity of the conceptual network to transmit activation or diminish its 
capacity to maintain activation over time, which may be functionally 
implemented as a reduction of connection weights and an increased 
decay rate, respectively. The weight decrease concerns all connections 
to, within, and from the conceptual network, and the decay increase 
concerns all lexical concept nodes. In accounting for the effect of normal 
aging and stroke on language performance, researchers have assumed a 
loss in activation transmission (Burke et al., 1991; Dell et al., 2013). 
Poststroke patterns of naming errors have been argued to be better 
explained by a transmission deficit in some patients and by a mainte
nance deficit in others (Martin & Dell, 2019). 

2. Methods 

The simulation protocol, including the network structure and 
parameter values, was the same as in earlier studies (e.g., Roelofs, 2014, 
2022). The target was cat and the other words were dog and fish (both 
semantically related), fog (phonologically related to a semantic alter
native, namely dog), and mat (phonologically related to cat). To examine 
the effect of varying the size of the lexicon, the simulations were also run 
with a larger network that additionally contained all the animal names 
of the SYDBAT (i.e., butterfly, elephant, caterpillar, dinosaur, rhinoceros, 
hippopotamus, and orangutan). The simulations with the larger network 
yielded outcomes similar to those with the small network. The Pearson 
correlation between the simulated patterns of naming, comprehension, 
and repetition of the individual patients (i.e., 147 data points) of Janssen 
et al. (2022) for the small and larger networks was r = 0.99 for a weight 
lesion and r = 0.98 for a decay lesion. Thus, varying the size of the 
lexicon does not change the simulation outcomes. 

Information is retrieved from the network by spreading activation 
according to the following activation function: 

a(m, t + Δt) = a(m, t)(1 – d) + Σn r a(n, t). 

In this equation, a(m, t) denotes the activation level of node m at 
point in time t, d represents the decay rate, and Δt indicates the duration 
of a time step in ms. The sum denotes the amount of activation that m 
receives between t and t + Δt, where a(n, t) is the output of neighbor n 
and r is a weight indicating the strength of the connection between 
nodes m and n. Atrophy severity was simulated by manipulating 
connection weights (r) or the decay rate (d) of the conceptual network. 

A simulation began by providing external activation to lexical con
cepts for naming and to input phonemes for repetition and compre
hension. Activation then spread in Δt = 25 ms steps for 2 sec, and the 
mean activation of nodes was computed. Condition-action rules were 

Fig. 2. Illustration of the functional architecture of the WEAVER++/ARC model and its mapping onto brain regions. N = noun. Adapted from Roelofs (2022). 
Copyright 2022 by the author. 
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assumed to select nodes depending on the task. For each of several se
verities of atrophy, the difference in mean activation between target and 
closest alternative was computed and expressed as a percentage of the 
normal activation difference. With smaller activation differences, se
lection of nodes takes longer and errors are more likely to occur. Thus, 
lower percentages will lead to poorer performance. The activation dif
ference concerned syllable program nodes in naming and repetition, and 
lexical concept nodes in comprehension. 

The values of the weight decrease and decay increase parameters 
that provided the best fit between model and data were obtained by an 
exhaustive search through the parameter space, varying between min
imal and maximal damage. Weight decrease was varied between 1.0 and 
0.0 (×r) and decay increase between 1.0 and 1.66 (×d), both in steps of 
0.01. The search aimed to obtain the parameter value for each individual 
patient that minimizes the mean absolute difference (i.e., mean absolute 
error, MAE) between simulated and empirical performance for naming, 
comprehension, and repetition. To indicate goodness of fit between 
model and data, MAEs and Pearson correlation coefficients are reported. 
Correlations were statistically compared using the cocor package in R 
(Diedenhofen & Musch, 2015). 

The C programming language and the programming environment of 
Microsoft Visual C++ 2022 were used to computationally implement 
the simulations. The simulation source code may be obtained from the 
Open Science Framework at https://osf.io/ue4bn/ or from the author. 

3. Results and discussion 

3.1. Performance accuracy as a function of atrophy severity 

Fig. 3 displays how performance accuracy varies as a function of 
weight decrease (left panel) and decay increase (right panel) in simu
lations of naming, comprehension, and repetition, constraining what the 
model can and cannot fit (Roberts & Pashler, 2000). The predictions 
were derived deterministically rather than by repeated random sam
pling, so the error bars are zero and not displayed. The figure shows that 
weight decrease and decay increase tend to have similar effects, 
although there are also differences. For example, word production and 
comprehension may fully deteriorate with a weight lesion but not with a 
decay lesion. 

Some aspects of the patterns of performance that are observed 
empirically seem more similar to the decreased performances that result 
from weight decreases (left panel of Fig. 3) than from decay increases 
(right panel). In discussing SD, Landin-Romero et al. (2016) stated: 
“Over time, many patients become essentially mute with only a limited 
repertoire of stereotypic phrases and a complete loss of word compre
hension” (p. 2). This is consistent with an ultimate accuracy of 0% on 
naming and comprehension tasks, which may occur under a weight 
lesion but not a decay lesion in the model. In simulations of PPA re
ported in Roelofs (2022), performance was also generally better 
captured by a weight decrease than a decay increase. In what follows, 
the results of the weight lesion simulations are depicted, whereas those 

of a decay lesion are only verbally described. Details of the findings for 
both type of lesion are reported in the Supplementary material. It was 
not an aim to arbitrate between weight decrease and decay increase, 
which both lead to a loss of activation capacity. Still, their goodness of fit 
was statistically compared. 

A close fit between model and data only provides support for the 
theoretical assumptions when the model provides substantial con
straints, as just discussed (Fig. 3), and the data are constraining (Roberts 
& Pashler, 2000). The variability of the data is discussed in the next two 
sections, together with the model fits at group and individual patient 
levels. 

3.2. Behavioral profiles at the group level 

Fig. 4 shows the WEAVER++/ARC simulation averages for naming, 
comprehension, and repetition in SD, AD, and MCI, along with the 
empirical group averages observed by Janssen et al. (2022). The vari
ability of the data is denoted by 95% confidence intervals. Naming and 
comprehension are more severely disrupted in SD than in AD, and more 
in AD than in MCI, while repetition is largely preserved in all groups. 
The best fit between model and data is obtained when the weight 
decrease is larger for SD than AD (i.e., 0.74r vs. 0.90r), and larger for AD 
than MCI (i.e., 0.90r vs. 0.98r). This corresponds to the assumption that 
semantic memory is more disrupted in SD than in AD, and more in AD 
than in MCI. 

The MAE measures of fit between simulated and empirical group 
data are rather small, averaging 2.7% (see Supplementary Table 1 for 
details). The correlation between model and data is r = 0.99, p <.001. 
Similar outcomes were obtained when assuming a decay lesion (Sup
plementary Table 1). The best fit between model and data is obtained 
when the decay increase is larger for SD than AD (i.e., 1.31d vs. 1.14d), 
and larger for AD than MCI (i.e., 1.14d vs. 1.03d), with an average MAE 
of 3.3% and correlation of r = 0.99, p <.001. The correlations did not 
differ between weight and decay lesions (p >.99). 

Fig. 4 reveals that the average comprehension score is somewhat 
overpredicted for MCI. However, numerically the deviation is rather 
small (i.e., 5.1%). Also, the overlapping error bars in Fig. 4 for average 
AD comprehension hide the fact that the overprediction is consistent at 
the individual patient level. Importantly, however, the deviations do not 
concern the pattern of performance across tasks and patient groups that 
is predicted by the model. For both tasks, scores are higher in MCI than 
in AD, and lowest in SD, both empirically and in the model. And for all 
three patient groups, scores are lower for naming than for comprehen
sion, both empirically and in the model. Deviations are further discus
sion at the level of individual patients in the next section. 

According to the model, the presence of a conceptual deficit leads to 
impaired naming and comprehension, while repetition remains spared. 
This is because both naming and comprehension require processing of 
conceptual representations, whereas repetition can be done without 
conceptual involvement. As a consequence, severity of damage affects 
naming and comprehension, but not repetition. 

Fig. 3. Performance accuracy as a function of weight decrease (left panel) and decay increase (right panel) in the conceptual network in WEAVER++/ARC sim
ulations of single word naming, comprehension, and repetition. Adapted from Roelofs (2022). Copyright 2022 by the author. 
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3.3. Behavioral profiles at the individual patient level 

The top panel of Fig. 5 shows the variability of the data at the indi
vidual patient level. The figure shows the patterns of performance on the 
naming, comprehension, and repetition tasks of the 49 individual pa
tients in the study of Janssen et al. (2022) together with the group av
erages for SD, AD, and MCI. Using box plots to determine outlying 
observations in the patient scores for each task within a group, only 6 
out of the 147 data points were deemed to be outliers, denoted by 
numbers (e.g., #10). The figure reveals that for SD, the pattern for the 
group corresponds to the individual patterns, except for one patient 
(case 10) with extremely disrupted comprehension and another patient 
(case 2) with disrupted repetition. For AD, the pattern for the group also 
corresponds to the individual patterns, except for two patient (cases 11 
and 13) presenting with exceptionally disrupted naming, and one pa
tient (case 6) with disrupted repetition. Finally, for MCI, the pattern for 
the group also corresponds to the individual patterns, except for one 
patient (case 22) with disrupted repetition. 

The bottom panel of Fig. 5 shows the WEAVER++/ARC simulation 
results for all 49 individual patients in the study of Janssen et al. (2022), 
assuming a weight lesion. For each patient, denoted by dot and number 
with the tasks color coded, the predicted performance scores with the 
lowest MAE are plotted against the observed scores (for details, see 
Supplementary Table 2). Overall, the model succeeds reasonably well at 
simulating the performance patterns of the individual cases. The average 
MAEs across patients for SD, AD, and MCI are 3.7%, 4.8%, and 2.9%, 
respectively. The overall correlation between model and individual 
patient data is r = 0.97, p <.001. Similar outcomes were obtained when 
assuming a decay lesion (Supplementary Table 3), with average MAEs 
across patients for SD, AD, and MCI of, respectively, 6.3%, 4.9%, and 
2.7%, and an overall correlation of r = 0.95, p <.001. The correlation 
was stronger for a weight lesion than for a decay lesion (p <.001). 

The model yields the outlying pattern of case 10 of SD (i.e., very poor 
naming and comprehension with preserved repetition) when the weight 
lesion is severe (MAE = 3.4%). Fig. 2 shows that this pattern cannot 
occur with a decay lesion (MAE = 29.3%). The model underestimates 
the severely disrupted naming of cases 11 and 13 of AD. In the model, 
naming is worse than is to be expected on the basis of the comprehension 
and repetition performance of these patients (their MAE is 6.8% and 
5.6%, respectively). 

Fig. 5 indicates that the fits are best for naming. However, as the 
Supplementary Table 2 shows, numerically the deviations for compre
hension and repetition tend to be small. The predictions for compre
hension differ from the empirical individual patient scores on average by 

4.3% (range 0.0%–14.2%), 8.3% (range 0.1%–27.5%), and 5.1% (range 
0.0%–10.8%), for SD, AD, and MCI, respectively. Still, the comprehen
sion scores of patients #3 and #6 with AD are captured poorly by the 
model (with overestimations of 27.5% and 20.0%, respectively). The 
predictions for repetition differ from the empirical individual patient 
scores on average by 3.9% (range 0.2%–19.6%), 2.8% (range 0.1%– 
9.8%), and 1.5% (range 0.0%–13.1%), for SD, AD, and MCI, respec
tively. Here, the repetition scores of patient #2 with SD and patient #22 
with MCI are captured poorly by the model (with overestimations of 
19.6% and 13.1%, respectively). Thus, the model cannot fit well the 
performance of a number of patients. Nevertheless, although deviations 
are clearly present, most model predictions are rather close to the 
empirical observations. 

Importantly, as Supplementary Table 2 shows, the deviations for the 
individual patients are numerical differences and do not concern the 
pattern of performance across tasks in any of the patients simulated by 
the model. In all patients, scores are lower for naming than for 
comprehension (47 patients) or they are the same (2 patients), both 
empirically and in the model. Thus, none of the performance scores 
violates the predicted task ordering, shown in Fig. 3. 

3.4. Specificity of the atrophy effects 

Good fits support the assumptions of a model only if other plausible 
assumptions would not fit the data equally well or better (Roberts & 
Pashler, 2000). The specificity of the predictions from common damage 
to semantic memory was examined by running simulations with a 
different or additional lexical locus of damage for AD (Isella et al., 2020, 
2022) and a mixture of lexical and semantic loci for MCI (Gallant et al., 
2019). 

3.4.1. Shared locus versus a different or additional locus for AD 
Simulations were run to test whether a semantic locus of atrophy for 

AD, shared with SD and MCI, does better than a different or additional 
locus for AD. Isella et al. (2020, 2022) argued that left inferior parietal 
cortex is an additional locus. Indeed, angular gyrus may be atrophied in 
AD (e.g., Zhou et al., 2012) but is not affected in SD (Yang et al., 2012). 
However, neurodegenerative diseases target specific functional net
works (e.g., Seeley et al., 2009). The atrophy epicenter in the angular 
gyrus (predominantly right) in AD concerns the default mode network, 
also involved in episodic memory retrieval (e.g., Eichenbaum, 2012), 
rather than the language network. Isella et al. observed that hypo
metabolism in left supramarginal gyrus contributes to naming errors in 
AD spectrum (i.e., 46 patients with classic amnestic AD, 16 with a 

Fig. 4. Performance accuracy in semantic dementia, Alzheimer’s dementia, and mild cognitive impairment for naming, comprehension, and repetition: Empirical 
group averages from Janssen et al. (2022) and WEAVER++/ARC simulation averages. The error bars represent 95% confidence intervals. For each panel, the 
estimated weight decrease (e.g., 0.74r) and mean absolute error (MAE) are displayed. N = number of patients. Partly adapted (for semantic dementia) from Roelofs 
(2022). Copyright 2022 by the author. 
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visuospatial deficit, and 8 with PPA, including 5 logopenic ones). 
However, the clinical heterogeneity precludes claims about classic AD 
specifically. Moreover, the contribution was small, affecting less than 
one percent of all responses. Furthermore, the effect concerned nonword 
phonemic errors, which are atypical for classic AD (e.g., Hodges, 2006). 
Thus, a possible role of left inferior parietal cortex in AD is small and 
atypical at most, if it exists at all. Still, atrophy in left temporoparietal 
cortex and corresponding white matter, including the arcuate fasciculus 
running underneath inferior parietal cortex, contributes to naming in 
the logopenic variant of PPA, associated with Alzheimer’s pathology. In 
the model, the atrophy is taken to affect the network centered on lexical 
output forms and the connections between input and output phonemes 
(Roelofs, 2022). Simulations were run for AD assuming atrophy only in 
temporoparietal cortex (i.e., a different locus, as in logopenic PPA) or 
both in the ATL and temporoparietal cortex (i.e., an additional locus). 

Assuming a different temporoparietal locus of damage for AD, 
weight decrease accounted for 40% of the variance in the individual AD 
patient data rather than the 91% assuming a semantic memory 
impairment shared with SD and MCI. Similarly, decay increase 
accounted for 64% of the variance rather than 91%. These differences 
were statistically significant (both ps < 0.001). Thus, the assumption of a 
different locus of damage for AD (i.e., the locus of logopenic PPA) re
ceives less support from the data than a shared semantic locus. This 
agrees with the fact that the patients of Janssen et al. (2022) discussed 
here were diagnosed with AD rather than logopenic PPA. 

Assuming ATL and temporoparietal loci of damage for AD (i.e., 
damage to the temporoparietal region in addition to the ATL damage 
shared with SD and MCI), weight decrease accounted for 80% of the 
variance rather than the 91% assuming a semantic memory impairment 
only (p <.001). Decay increase accounted for 90% of the variance, 

similar to the 91% assuming a semantic locus only (p >.22). Considering 
both lesion types, the assumption of an additional locus of damage for 
AD receives less support from the data than a shared semantic locus. It is 
important to note that these simulations concerned an addition locus of 
atrophy but not an additional free severity parameter for this additional 
locus. Adding another free parameter to the model for the additional 
location of damage could never make the behavioral fit worse, as the 
new free parameter could be set to the original value to obtain the 
previous result. However, if the new parameter takes the original value 
for all patients, then there is no additional locus of damage. Isella et al. 
(2022) observed that hypometabolism in left inferior parietal cortex 
affected less than one percent of all naming responses in AD spectrum 
(with the remaining uncertainty to what extent this small effect could be 
attributed to classic AD, which is the issue at stake). Introducing an extra 
free parameter only to capture this possible effect in AD, which is minor 
at most, would be overfitting the data. 

To conclude, the simulations show that, compared to a semantic 
memory locus of damage shared with SD and MCI, a different lexical 
locus in AD (i.e., the locus of logopenic PPA) reduces the fit, whereas an 
additional lexical locus (with the same severity of damage) reduces or 
does not improve the fit. This demonstrates that the good fit (explaining 
91% of the variance) depends on the assumption of semantic memory 
impairment in AD. 

3.4.2. Shared locus versus a mixture of loci for MCI 
Gallant et al. (2019) maintained that the functional origin of prob

lems in word retrieval differs between groups, being mixed lexical and 
semantic in MCI and mostly semantic in AD. This claim was based on the 
type of naming errors and the efficacy of phonological cues. A lexical 
impairment was taken to be associated with coordinate semantic errors 

Fig. 5. Performance accuracy in semantic dementia, Alzheimer’s dementia, and mild cognitive impairment for naming, comprehension, and repetition. The top panel 
shows the performance of individual patients from Janssen et al. (2022) denoted by different colored lines. The group averages are represented by black lines and 
squares. Numbers (e.g., #10) indicate boxplot-determined outliers in the patient scores. The bottom panel shows for each patient the predicted performance accuracy 
with the lowest MAE plotted against the observed accuracy. Individual patients are denoted by dot and number, and the tasks are color coded. N = number of 
patients. Partly adapted (for semantic dementia) from Roelofs (2022). Copyright 2022 by the author. 
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and precise circumlocutions as well as good efficacy of phonological 
cues, whereas a semantic impairment was associated with a predomi
nance of non-responses, coordinate and superordinate semantic errors, 
vague circumlocutions, and a poor efficacy of phonological cues. How
ever, these performance profiles may also reflect severity of semantic 
memory impairment, which is larger for AD than MCI (Janssen et al., 
2022). When damage of the semantic system is moderate, circumlocu
tions may be precise and lexical activation may still be enough for the 
word to become available with the help of phonological cues. When 
damage of the semantic system is more severe, circumlocutions will be 
vague due to a lack of semantic information and lexical activation may 
be too low for phonological cues to be effective. 

Simulations were run to evaluate the mixed loci hypothesis of 
Gallant et al. (2019) for MCI. They stated: “In mild cognitive impair
ment, the origin of anomia was lexical for 60% and semantic for 40% of 
participants” (p. 95). The lexical origin was taken to concern “the 
phonological output lexicon and its access” (p. 104). This would corre
spond to the level of lexical output forms in WEAVER++/ARC. The 
simulations therefore assumed damage of lexical output forms and 
corresponding connections. Each patient with MCI was fitted twice, once 
with a semantic locus and once with a lexical locus, and the best fitting 
locus was selected. Assuming a weight decrease, the locus was lexical for 
11 patients, semantic for 11 patients, and either lexical or semantic for 
one patient. The mixture assumption accounted for 92% of the variance 
in the individual patient data, which does not constitute an improve
ment compared to assuming a semantic locus only (91%). The same 
results were obtained with a decay increase. For both lesion types, there 
was no statistical difference between a common locus and mixed loci 
(both ps > 0.28). 

The simulations show that allowing for a mixture of loci of damage in 
MCI does not improve the fit compared to what a semantic locus only 
already explains. The more constraint (i.e., the narrower the prediction), 
the stronger the support provided by a close fit (Roberts & Pashler, 
2000). Given that the assumption of a mixture of loci provides less 
constraint than assuming a single locus, the data more strongly support a 
shared semantic memory locus than a mixture of lexical and semantic 
loci. 

4. General discussion 

It has been known since Pick (1892/1977, 1904/1997) that word 
retrieval is often impaired in left temporal lobe degeneration. In
dividuals with SD, AD, and MCI present, to different degrees, with 
problems in word production and comprehension, while repetition is 
largely preserved. To examine whether differential loss of activation 
capacity in semantic memory accounts for the difference in performance 
between patient groups, WEAVER++/ARC simulations were run. The 
simulations showed that weight decrease accounts for 99% of the vari
ance in naming, comprehension, and repetition at the group level and 
95% at the individual patient level. For decay increase, the percentages 
are 99% and 90%, respectively, which is lower at the individual patient 
level. Other plausible assumptions did less well. These results lend 
computational support to a unified account of word production, 
comprehension, and repetition in SD, AD, and MCI, along Pickian (1908) 
lines. 

The simulations with WEAVER++/ARC assumed disruption of se
mantic memory consisting of a hub of supramodal concepts that are 
linked to widely distributed modality-specific features, referred to as a 
hub-and-spoke view (e.g., Lambon Ralph, 2014; Patterson et al., 2007; 
Pick, 1931). Two spokes were implemented in the present simulations, 
namely the connections of visual representations to the conceptual 
network (i.e., picture input) and the connections to lemmas, relevant for 
naming and word comprehension. Although the hub-and-spoke view is 
supported by much evidence (e.g., Kemmerer, 2022, for a review), it also 
has opponents. According to an alternative view, semantic memory 
consists of widely distributed modality-specific features without a 

central hub, as originally proposed by Wernicke (1874) and revived by 
Geschwind (1974). For a historical account of Wernicke’s distributed- 
only view on concepts, I refer to Gage and Hickok (2005). According 
to Geschwind, in naming a seen object, the visual representation in 
occipital cortex activates, via the angular gyrus, an auditory image for 
the object name in Wernicke’s area, which activates by way of the 
arcuate fasciculus the corresponding motor image in Broca’s area, fol
lowed by articulation. The ATLs play no role in this account. Damage to 
the visual connections would impair the naming of visually perceived 
objects but spare the naming of objects identified through other mo
dalities, like touch or smell. For domain-general loss of semantic 
knowledge to occur, as observed in SD, AD, and MCI, several domain- 
specific representations or connections among them should simulta
neously be interrupted. Snowden et al. (2019) argued that “there may be 
no domain-general hub in which concepts are represented and which can 
be disrupted by selective damage. The semantic loss may be a product of 
widespread loss of connections across the semantic network” (p. 32). 
They argued that atrophy of the left fusiform gyrus in SD hampers visual 
access to the rest of the widely distributed network of sensory and motor 
features making up conceptual knowledge. 

However, this modality-specific distributed-only view on concepts 
does not readily explain the evidence that word retrieval difficulty oc
curs across input modalities (i.e., not only vision, but also touch and 
other modalities). For example, word retrieval in SD is also impaired in 
naming objects (e.g., a knife) from touch and without vision (Coccia 
et al., 2004). Moreover, the distributed-only view does not explain why 
word retrieval difficulty may result from circumscribed ATL atrophy 
rather than wide-spread atrophy in areas coding for modality-specific 
features or connections among them. The evidence is exemplified by 
Pick’s (1892/1977) first reported case of circumscribed left temporal 
atrophy, 71-year-old August H.: “He partially recognizes objects shown 
to him, but often describes them incorrectly: … Given a woolen glove, he 
rubs the palm of his hand and says: Wool”3 (p. 37). That is, naming failed 
regardless of whether the object was seen of touched. 

Roberts and Pashler (2000) argued that it is problematic to only 
focus on a model’s fit as support for its assumptions. They stated: “A 
good fit reveals nothing about the flexibility of the theory (how much it 
cannot fit), the variability of the data (how firmly the data rule out what 
the theory cannot fit), or the likelihood of other outcomes (perhaps the 
theory could have fit any plausible result), and a reader needs all 3 
pieces of information to decide how much the fit should increase belief 
in the theory” (p. 358). The present article provides the first type of 
information in Fig. 3, showing the predictions of the model. The figure 
shows exactly how performance accuracy varies with severity of damage 
in the model, constraining what the model can and cannot fit. The sec
ond type of information is provided by Figs. 4 and 5, showing the 
variability of the data. The third type of information is provided by the 
specificity analyses. The best evidence for a model concerns a fit to 
outcomes that would be otherwise unlikely (i.e., when other models 
predict different outcomes). If other plausible assumptions would fit the 
data equally well, then a good fit provides little support for the proposed 
model, whereas if good fits depend specifically on the assumptions of the 
model, they support the model. 

As concerns the flexibility issue, it is true that WEAVER++/ARC is a 
complex model with a severity parameter that could be adjusted so that 
the output of the model resembles the patient scores. However, what the 
adjustment of the severity parameter allowed was constrained, as Fig. 3 
shows. Moreover, although the model is complex, other assumptions 
have been independently motivated and empirically supported by pre
vious research, and they were all held constant in the present study. The 
independent support comes from a wealth of behavioral 

3 “Vorgezeigte Gegenstände erkennt er theilweise, bezeichnet sie oft falsch…. 
Mit einem gereichten Wollhandschuh macht er reibende Bewegungen auf der 
Hohlhand und sagt Wolle” (Pick, 1892, p. 165). 
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psycholinguistic findings as well as evidence from functional neuro
imaging, tractography, and aphasiology (e.g., Levelt et al., 1999; Jans
sen et al., 2020; Piai et al., 2014; Roelofs, 1992, 2014, 2018, 2021, 2022; 
Roelofs & Ferreira, 2019). 

As concerns the variability issue, Fig. 4 shows the variability of the 
data at the group level and the top panel of Fig. 5 shows precisely how 
performance varies between individual patients. In the bottom panel of 
Fig. 5, the horizontal and vertical axes cover the entire range of possible 
predicted and observed scores, and the diagonal denotes a perfect fit. 
The figure shows that all 147 predicted scores fall close to the diagonal, 
with only a few exceptions, indicating that the predictions generally 
agree with the observations. The shared variance is 95%. 

As concerns the likelihood issue (i.e., how likely is the model, given 
the observed performance scores), the specificity analyses revealed that 
predictions derived from other plausible assumptions are less well 
supported by the empirical observations than the assumption of damage 
to semantic memory shared between SD, AD, and MCI. First, assuming a 
different lexical locus of damage for AD rather than a semantic locus 
shared with SD and MCI significantly reduced the goodness of fit. Sec
ond, overall, an additional lexical locus of damage for AD reduced the 
fit. Third, a mixture of semantic and lexical loci for MCI did not improve 
the fit compared to what a shared semantic locus only already explained. 
The more constraint, the stronger the support provided by a good fit. 
Thus, the data more strongly support the more constrained assumption 
of a single locus of damage in MCI that is shared with SD and AD than the 
more flexible assumption of a mixture of loci for MCI. Other published 
computational models have simulated naming and repetition perfor
mance, but make no claims about comprehension (e.g., Dell et al., 1997; 
Hanley et al., 2004; Nozari & Dell, 2013; Walker & Hickok, 2016), or 
have simulated naming and comprehension, but make no claims about 
repetition (e.g., Rogers et al., 2004). The Lichtheim 2 model (Ueno et al., 
2011) has been tested in simulations of naming, comprehension, and 
repetition in SD. WEAVER++/ARC shares with Lichtheim 2 the 
assumption of a semantic hub that is damaged in SD, which may be 
extended to AD and MCI. Ueno et al. reported that naming and 
comprehension decline to the same extent in simulations with the 
Lichtheim 2 model, which disagrees with the observation that naming is 
worse than comprehension in SD, AD, and MCI (see Roelofs, 2022, for 
discussion).4 

The present simulation study has a number of limitations. First, the 
support for the hypothesis that differences in performance between SD, 
AD, and MCI reflect to a large extent different severities of disruption to 
the same mechanism in the ATL comes from simulations with a partic
ular model, namely WEAVER++/ARC. It remains possible that a new, 
still to be developed model that assumes multiple loci of damage will 
explain more data than the presented model with a single locus in the 
ATL. Nevertheless, the current account is important, because it provides 
a benchmark for future modeling. Second, although the model fits are 
overall good, there are a number of discrepancies between model and 
data at both group and individual patient levels. This means that there is 
room for improvement. As Dell et al. (2000) stated, “Every model, 
including the very best ones, fails to accord perfectly with the data in its 
domain” (p. 637). However, one should not dismiss a model when some 
discrepancies exist, which would be “at odds with how models are used 
in psychology. It is also incompatible with the complex realities of 
research with brain-damaged patients” (p. 644). I refer to Dell et al. for a 
thorough discussion of the role of computational models in neuropsy
chological investigations of language. 

To summarize, the endorsed model is constrained in what it can fit, 

the empirical observations tend to rule out what the model cannot fit, 
and the observations provide less support for other plausible assump
tions. The good fits indicate the viability of the hypothesis that differ
ences in performance between groups and participants reflect, to an 
important extent, different severities of disruption of semantic memory. 

To conclude, WEAVER++/ARC simulations of word production, 
comprehension, and repetition showed that the model succeeds rather 
well in capturing the patterns of performance in SD, AD, and MCI. Other 
plausible assumptions do less well. This supports the central hypothesis 
of this article that differences in performance between SD, AD, and MCI 
reflect, to an important extent, different severities of a common 
disruption of semantic memory. In future research, the model may be 
extended further and tested in targeted studies. 

Declaration of Competing Interest 

The author declares that he has no known competing financial in
terests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The link is in the paper 

Appendix A. Supplementary data 

Supplementary data to this article are available from the Open Sci
ence Framework at https://osf.io/ue4bn/ or from Brain & Language 
online at https://doi.org/10.1016/j.bandl.2023.105243. 

References 

Altman, E. (1923). Über die umschriebene Gehirnatrophie des späteren Alters [About the 
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