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Aphasia has had a profound influence on our understanding of how language is instantiated within the human
brain. Historically, aphasia has yielded an in vivo model for elucidating the effects of impaired lexical-semantic
access on language comprehension and production. Aphasiology has focused intensively on single word disso
ciations. Yet, less is known about the integrity of combinatorial semantic processes required to construct wellformed narratives. Here we addressed the question of how controlled lexical-semantic retrieval deficits (a
hallmark of aphasia) might compound over the course of longer narratives. We specifically examined word-byword flow of taxonomic vs. thematic semantic distance in the storytelling narratives of individuals with chronic
post-stroke aphasia (n = 259) relative to age-matched controls (n = 203). We first parsed raw transcribed
narratives into content words and computed inter-word semantic distances for every running pair of words in
each narrative (N = 232,490 word transitions). The narratives of people with aphasia showed significant re
ductions in taxonomic and thematic semantic distance relative to controls. Both distance metrics were strongly
predictive of offline measures of semantic impairment and aphasia severity. Since individuals with aphasia often
exhibit perseverative language output (i.e., repetitions), we performed additional analyses with repetitions
excluded. When repetitions were excluded, group differences in semantic distances persisted and thematic dis
tance was still predictive of semantic impairment, although some findings changed. These results demonstrate
the cumulative impact of deficits in controlled word retrieval over the course of narrative production. We discuss
the nature of semantic flow between words as a novel metric of characterizing discourse and elucidating the
nature of lexical-semantic access impairment in aphasia at multiword levels.
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1. Introduction
The pioneering efforts of aphasiology in the nineteenth century
forged much of the foundation upon which modern cognitive neuro
science was built. Broca (1861), Wernicke (1874), Lichtheim (1885),
Hughlings Jackson (1874) and others used post-mortem lesion methods
to first link specific language functions to circumscribed brain regions
and later to refine network models of the flow of information through
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the human brain. Many of these efforts involved characterizing disso
ciations in the production and/or comprehension of single words. For
example, the classical taxonomy of aphasia was premised upon the bi
nary classification of impairments in language fluency, word repetition,
and auditory comprehension (e.g., Albert et al., 1981;Geschwind, 1965;
Benson, 1979). As aphasiology advanced throughout the twentieth
century, the burgeoning disciplines of cognitive neuropsychology and
psycholinguistics maintained an intense focus on speech errors and the
nature of verbal paraphasias (e.g., semantic errors, neologisms). Much of
this attention was fueled by the promise of aphasia as a lesion model for
language in the human brain informed by dissociations for single words.
Aphasiology evolved in complexity and sophistication over the
twentieth century, interrupted by wars and punctuated by changing
computational trends in neuroscience (Levelt, 2012). Much of the evo
lution of aphasiology during this period was untethered from crucial
advances in linguistics (e.g., syntax, compositionality) that have firmly
established language as an emergentist system where outcomes (e.g.,
message-level semantics) are only opaquely related to the individual
lexical constituents. As such, an extensive body of research at the single
word level in aphasia yields a limited picture of how language operates
in real world ecological conditions that involve the coordination of se
mantics, syntax, prosody, morphology, speech motor control, and other
supportive functions (e.g., theory of mind; Bates and Goodman, 1997;
Friederici and Alter, 2004). As such, there exists a compelling need to
bridge our understanding of single word deficit profiles in aphasia with
multiword utterances and narratives. Here we addressed the question of
how impaired lexical-semantic retrieval processes cumulatively impact
word-by-word language production in the context of narratives.

Ralph, 2006). Another hallmark of lexical-semantic access impairment is
inconsistency on lexical semantics tasks across repeated testing sessions,
with patients successfully retrieving particular words on one occasion
but not on another (Warrington and Shallice, 1979). Had the semantic
representations themselves been damaged, the same damaged concepts
would be affected at each testing session (van Scherpenberg et al.,
2019). Further, in line with the notion that lexical-semantic access im
pairments result from executive dysfunction in retrieval of semantic
representations, other studies have shown strong correlations of lexical
semantics task performance with executive functioning ability (e.g.,
Corbett et al., 2009). These studies, among others (see Mirman and Britt,
2014, for a review), highlight that the semantic paraphasias in
post-stroke aphasia are thought to result from difficulty accessing the
lexical item, rather than damage to the semantic representations
themselves.1
Additionally, individuals with lexical-semantic access impairments
typically exhibit an access dissociation in taxonomic vs. thematic se
mantic relationships (e.g., Jefferies and Lambon Ralph, 2006). Taxo
nomic relationships are feature-based – DOG and WOLF are related
concepts based on shared semantic features (e.g., canine, four-legged).
Thematic relationships are predicated upon co-occurrence – DOG and
LEASH are related not because of intrinsic shared features (i.e., taxo
nomically related), but because dogs and leashes frequently co-occur in
the world. Some concepts have similar degrees of relatedness in both the
thematic and the taxonomic system (e.g., FORK-SPOON); whereas
others are loosely related regardless of relational system (e.g.,
ROBOT-DAISY).
In one study of 25 individuals with post-stroke aphasia, Vivas et al.
(2015) found that participants consistently performed worse on tasks
that required retrieval of thematic vs. taxonomic concept relationships.
However, other studies have reported the opposite phenomenon, such
that participants with aphasia made more taxonomic errors than the
matic errors (e.g., Schwartz et al., 2011). Further, multiple studies have
reported inverse relationships of taxonomic and thematic retrieval im
pairments, with participants tending to exhibit considerably more def
icits in retrieval of one type of semantic relationship than the other (e.g.,
Kalénine et al., 2012). These dissociations are thought to result from
differences in lesion locations across participants, with lesions in the
angular gyrus/temporoparietal junction associated with worse perfor
mance on thematic relationships, and lesions in the anterior temporal
lobe associated with worse performance on taxonomic relationships
(Mirman and Graziano, 2012; Schwartz et al., 2011). Given that aphasia
subsequent to stroke more often results from lesions in the angular
gyrus/temporoparietal junction territory than from anterior temporal
lesions (Khedr et al., 2020; Hayward et al., 1977), it is unsurprising that
more studies indicate worse thematic than taxonomic performance in
this population.
Studies of single-word semantics have considerably added to our
knowledge of the semantic system. Yet, language expression is a
continuous phenomenon where message-level meaning cannot be
derived simply from a concatenation of single words. Relatively fewer
studies have investigated lexical-semantic processing in multi-word ut
terances (e.g., Andreetta et al., 2012). As a consequence, much remains
to be learned about how lexical-semantic access impairments manifest
in the context of discourse or narrative production. For example,
although many individuals with post-stroke aphasia exhibit deficits in
retrieval of particular words, the nature of compounding impairment in
multiword utterances is unclear.

1.1. The nature of aphasia and semantic deficits
Many patient advocacy organizations for post-stroke aphasia
emphasize the point that aphasia is a disorder of language, not of in
telligence (National Aphasia Association, 2021). That is, a person with
aphasia might have difficulty understanding the spoken, signed, or
written word for ‘dog’ but would readily demonstrate preserved
knowledge of dogs through alternate response modalities. Language
rehabilitation strategies commonly leverage preserved pathways (e.g.,
gesture, drawing, circumlocution) as a means for compensating for
profound anomia.
Tulving (1972) is generally credited with delineating semantic
memory as a subsystem of human memory dedicated to word meaning,
object knowledge, and encyclopedic facts that allow us to negotiate our
most fundamental interactions with the world. Warrington and Shallice
(1979) soon thereafter argued that semantic deficits fractionate into
disorders of storage vs. access. Under this model, a patient with a se
mantic storage deficit (also known as a representational deficit) might
be unable to name a dog because they have ‘lost’ the concept of dogs. In
contrast, patients with lexical-semantic access deficits (i.e., aphasia)
would show patterns of anomia in the context of preserved non-verbal
dog knowledge.
Prior research on lexical-semantic access impairments primarily
comes from single-word production errors. For example, Buckingham
and Rekart (1979) reported on a patient with post-stroke Wernicke’s
aphasia who exhibited a characteristic lexical-semantic access deficit
with maintained semantic knowledge. When discussing hearing aids, for
example, the patient called her ear “eye” but pointed to her left ear,
indicating that she understood that hearing aids are associated with ears
rather than eyes. Across many tasks, the patient’s paraphasias shared a
semantic category with the target, and she often indicated through
gestures or through self-correction that she knew she had made an error,
suggesting preserved semantic knowledge despite impaired semantic
production. Individuals with lexical-semantic access impairments typi
cally exhibit better naming performance when given phonemic cues (i.
e., when provided with the first phonemes of the target), indicating a
preserved concept but difficulty with its retrieval (Jefferies and Lambon

1.2. Narrative production deficits in aphasia
Successful narrative language production requires coordination of
1
Also see Malt (2020) for a discussion on the distinction between words and
concepts.
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and characterization of semantics over multiword utterances is essential
to characterizing the full extent of the deficit.
In this pre-registered study, we examined semantic distance (flow)
over the course of narrative production, a measure that forms a bridge
between analyses of single words and full narratives, to examine how
lexical-semantic access errors compound when aggregating multiple
words together into ideas. Evaluating the evolution of word meaning in
the context of narrative production is also a more naturalistic, ecologi
cally valid approach than with most tasks that evaluate single words,
and doing so may more fully capture the extent of communicative
function and impairment in PWA.
Specifically, we investigated semantic distance during spoken
narrative production in AphasiaBank, an extensive database of people
with chronic aphasia and age-matched controls (MacWhinney et al.,
2011). We investigated four main research questions: (1) We first
investigated the relationship between semantic impairment and overall
severity of language deficits in aphasia, with greater semantic impair
ment expected to be associated with greater overall aphasia severity. (2)
We then examined whether PWA and healthy controls exhibited overall
differences in semantic distance, with PWA expected to show lower
mean semantic distances than controls. (3) We also investigated the
relationship of semantic distance to the degree of semantic impairment
in PWA, with greater semantic distances expected to be associated with
worse lexical-semantic access impairment. Such a relationship would be
non-linear, with greater semantic distances associated with severe
impairment and with minimal impairment, and lower semantic dis
tances associated with moderate impairment. (4) Finally, we investi
gated group differences in the relationship between thematic and
taxonomic semantic distances, with controls expected to have stronger
correlations in thematic and taxonomic distances than PWA, given
previous findings that aphasic participants’ thematic and taxonomic
abilities tend to be inversely correlated (Kalénine et al., 2012).

many cognitive-linguistic processes (e.g., morphology, syntax, theory of
mind) to structure an overarching message from single words. Disrup
tion to any one of these components may lead to impairment in narrative
language. Relative to controls, people with aphasia (PWA) produce
narratives that are shorter, less syntactically complex, and convey less
information (Andreetta et al., 2012; Bryant et al., 2016; Cunningham
and Haley, 2020; Stark, 2019; Ulatowska et al., 1981). In turn, listeners
perceive PWA’s narratives as less interesting, less “good,” and lacking in
clarity, vocabulary, and content relative to control group narratives
(Behrns et al., 2009; Ulatowska et al., 1981). Notably, narrative lan
guage has traditionally been studied as the sum of its parts, with a pri
mary focus on macrolevel (e.g., story grammar, Lakoff, 1972; main
concepts, Richardson and Dalton, 2016) and phrasal/sentential levels
rather than word-level features (Bryant et al., 2016). This stands in
contrast to the large body of knowledge that cognitive neuroscientists
and clinical researchers have amassed in single-word processing.
Although there is increasing interest in standardizing narrative analysis
as a treatment outcome in clinical populations (Duff, 2021), to date,
relatively few studies have examined the compounding effect of
lexical-semantic access impairment in word-by-word narrative produc
tion in PWA.
Specifically, one fundamental aspect of semantic processing that has
not yet been investigated is how semantic information flows over the
course of narrative production. For example, when an individual is
producing the Cinderella story, how does semantic information transi
tion from describing the fairy godmother transforming Cinderella’s
gown and carriage to describing meeting the prince at the ball? In this
study, we investigate the flow of semantic information in the narratives
of individuals with and without post-stroke aphasia via inter-word se
mantic distance, which estimates semantic cohesion between adjacent
words.
1.3. Semantic distance

2. Methods

Semantic distance is a fundamental issue in psycholinguistic research
(Kenett, 2018). While it has been traditionally examined through sub
jective assessment, the rapid advances in computational linguistic
models are now offering quantitative operationalization of semantic
distance (Kenett, 2018, 2019). Such computational models are either
network-based, corpus-based, or taxonomy-based. Network-based
models are graph theoretical representations of semantic memory
structure as a network, an approach that has been applied to study
various cognitive phenomena related to memory and language (Hills
and Kenett, 2022; Siew et al., 2019). For example, cognitive network
research in aphasia has shown how semantic distance predicts the per
formance of PWA on a picture naming task (Castro and Stella, 2019).
Corpus-based models are based on analyzing large bodies of text and
representing concepts as multidimensional vectors of features, based on
co-occurrence statistics (Günther et al., 2019; Mandera et al., 2015,
2017). The application of such corpus-based methods to study different
phenomena of semantic memory are becoming increasingly popular
(Kumar, 2021). For example, in creativity research, corpus-based mea
sures of semantic distance—the inverse of semantic similarity between
concepts—has been strongly linked to subjective measures of idea
originality and free association (Beaty and Johnson, 2021; Kenett,
2019), indicating that more creative individuals are better able to search
wider and deeper in semantic memory. Taxonomy-based models also
represent concepts as multidimensional vectors of features, such that
vector components each represent particular taxonomic features (e.g.,
animal, vertebrate, or mammal; Cree and McRae, 2003; Garrard et al.,
2001). Computing the distance between vectors (i.e., Euclidean, cosine)
allows for comparison of concepts based on taxonomic similarity.
Overall, quantitative measures of semantic distance as incorporated in
empirical research are rapidly advancing research in varied areas
related to semantic cognition. Such measures have not previously been
investigated in individuals with lexical-semantic access impairments,

2.1. Overview
We analyzed word-to-word semantic relationships in spoken narra
tives of PWA and age-matched healthy controls, as indexed within
AphasiaBank (MacWhinney et al., 2011). AphasiaBank is a database
populated by multiple clinical aphasiology centers with standardized
protocols characterizing language, neuropsychological functioning, and
demographic information. AphasiaBank is unique in that it includes
transcription of spoken narrative data (e.g., telling of the Cinderella
story) from an unprecedented number of PWA and controls. We crafted a
text processing pipeline to analyze word-to-word semantic relationships
in the narratives of over 400 individuals. The research questions, hy
potheses, and planned analyses were pre-registered on August 6, 2021.2
Although one of the authors (M.S.) had access to the AphasiaBank data
prior to this date for use in studies unrelated to semantic processing, no
semantic distance computations were performed on the dataset prior to
August 27, 2021.
2.2. Participants
Participants included PWA (N = 259, 107 female, mean age = 61.6
years, SD = 11.9 years) and age-matched controls (N = 203, 113 female,
mean age 64.5 years, SD = 16.6 years). We included participants
delineated by AphasiaBank as native English speakers. The PWA group
included only participants with an aphasia etiology secondary to left
hemisphere stroke (i.e., no right hemisphere strokes, tumors, or trau
matic brain injury). Table 1 lists participant demographics.
2

3

The pre-registration is available at osf.io/93jbx.
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corpus (Zeldes, 2017).5 These procedures yielded an ordered vector of
content words (e.g., DOG DRINK MILK) across probes and participants
from which we derived two running metrics of inter-word (i.e.,
word-to-word) semantic distance for each unfolding narrative (e.g.,
DOG-DRINK, DRINK-MILK, etc.).

Table 1
Participant demographics.
Gender
Female
Male
Age
Mean (SD)
Race
African American
Asian
Hispanic/Latino
Mixed
Native Hawaiian/Pacific Islander
Unavailable
White
Education (years)
Mean (SD)
Aphasia Duration (years)
Mean (SD)

Aphasia (N = 259)

Control (N = 203)

107 (41.3%)
152 (58.7%)

113 (55.7%)
90 (44.3%)

61.6 (11.9)

64.5 (16.6)

3.2. Text-based language measures

34 (13.1%)
3 (1.2%)
4 (1.5%)
1 (0.4%)
2 (0.8%)
3 (1.2%)
212 (81.9%)

4 (2.0%)
0 (0%)
4 (2.0%)
0 (0%)
0 (0%)
4 (2.0%)
191 (94.1%)

15.3 (2.7)

15.7 (2.52)

5.07 (4.79)

NA (NA)

To characterize group differences in language output across prompts,
we calculated participants’ (1) mean number of words produced per
prompt, (2) mean length of utterance, and (3) type-token ratio for both
the raw and the cleaned texts. First, we applied a minimal cleaning
pipeline to the raw data to prepare it for processing (e.g., all text to
lowercase, replace common abbreviations). Then we used the tm. plu
gin.koRpus package in R (Michalke, 2021) to create corpora for both the
raw and the cleaned texts, from which we derived our language mea
sures. We additionally calculated the ratio of lemmatized content words
to total words produced, a measure we called the “content ratio.” A
linear mixed effects model was performed to evaluate group-level dif
ferences in each language measure, before and after the text cleaning
procedure6 (note that the content ratio is a ratio of post-cleaning to raw
word count, so it only has one model).

3. Data processing and analysis
3.1. Text cleaning methods
We applied a customized text cleaning algorithm to all narratives
with the aim of transforming the original text into vectors of open class
(i.e., content) words. We imported raw string data into RStudio (R
version 4.0.3), yoking all associated metadata (e.g., age, aphasia
severity, sex) with each narrative. We omitted utterances from in
dividuals other than the participants and retained only data corre
sponding to the standardized narrative story prompts (picture
description, procedural narrative, and spontaneous speech prompts).
Procedures were standardized such that all participants received the
same instructions for each prompt. Feedback for each narrative was
minimized and only given when participants produced very limited
speech. Detailed descriptions of each prompt and the procedures used to
elicit the narratives may be found at the AphasiaBank website.3 The
cleaning script then automatically executed many sequential commands
(regular expressions) transforming the original transcriptions (e.g., “The
dog is drinking the water.“) into a temporally ordered vector of lemm
atized content words (e.g., “Dog Drink Water”). Although space limita
tions prohibit an exhaustive description of this text cleaning pipeline, we
describe some of the major methods to follow.4
Cleaning involved a series of omissions and substitutions followed by
lemmatization. We omitted all non-alphabetic characters (punctuation,
numbers, symbols) after replacing contractions (e.g., ‘it’s’ → ‘it is’). We
converted all characters to lowercase and omitted numerous closed class
words (e.g., is, any, that, for) using a customized stopword list. We then
executed a variety of replacements including singular pronouns (e.g.,
‘she’ → ‘woman’), plural pronouns (e.g., ‘they’ → ‘people’), and com
mon abbreviations (e.g., ‘M.D.‘ → ‘doctor’). We replaced proper nouns
corresponding to common first and second names of people (e.g., ‘Smith’
→ ‘person’) by indexing a list of the 300 most common surnames from
around in the world. We replaced proper noun place names (e.g., ‘New
York’ → ‘place’) by matching the 100 most populated countries and 100
most visited cities from around the world. After these replacement and
omission procedures were completed, we lemmatized the entire vector
using UDpipe (Straka and Straková, 2017) trained on the GUM English

3.3. Outlier criteria
To determine outlier criteria, we examined the distribution of
participant performance across narrative prompts. We eliminated out
liers with attention to two specific criteria. We first excluded any
narrative prompts for which the participant produced fewer than five
content words. Additionally, we eliminated narratives with type-token
ratios corresponding to z < − 1.96 below the mean for that particular
prompt, separately for the PWA and control groups. This outlier crite
rion served to remove prompts with lexical diversity values far below
what is typical for the group.
3.4. Semantic distance derivation
We derived two measures of semantic distance (thematic vs. taxo
nomic) for each running pair of words within narratives. Thematic se
mantic relationships tend to involve contextual associations (e.g., forkblender; Belacchi and Artuso, 2018; Mirman et al., 2017).
Word-embedding techniques (e.g., latent semantic analysis, GloVe;
Pennington et al., 2014) are uniquely suited for quantifying thematic
semantic relationships because of their emphasis on lexical
co-occurrence in large corpora (Landauer et al., 1998).
No universal standard exists for quantifying taxonomic semantic
distance. In general, taxonomic semantic distance comprises featurebased similarity (e.g., DOG vs. WOLF) relative to contextual similarity
(e.g., DOG vs. LEASH) for thematic relationships. Human experiential
ratings (e.g., color, sound, emotion) can potentially yield such an index
(Binder et al., 2016; Reilly et al., 2016). We derived taxonomic semantic
distance between each running word pair by first creating a lookup
database composed of seven dimensions from the Lancaster Sensori
motor Norms (Lynott et al., 2019) where each English word was char
acterized by Likert scale ratings for the following dimensions: auditory,
gustatory, haptic, interoceptive, olfactory, visual, and hand-arm. Of the
5

Lemmatization promotes term aggregation by transforming morphological
derivatives of words into their respective dictionary entries (e.g., independently
→ independence) based on natural language statistics gleaned from pretrained
language corpora.
6
Each of these models served to predict one language measure (word count
per prompt, mean length of utterance, type-token ratio, or content ratio) from a
fixed effect of Group (aphasia vs. control) and random effects of participant,
prompt, and gender.

3

https://aphasia.talkbank.org/protocol/english/materials-aphasia/descripti
on.pdf.
4
Scripts are freely available for inspection and use at osf.io/93jbx.
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motor dimensions, we selected only the hand-arm dimension for the
following reasons: (1) although the head motor dimension was identi
fied as the dominant motor dimension most frequently (Lynott et al.,
2019), it was often selected as the dominant dimension for words such as
“daydream” or “stare,” and was thus often selected for non-motoric
reasons. (2) The hand-arm motor dimension was selected as the next
most frequently dominant motor dimension and appears to have been
selected for truly motoric reasons such as reaching and grasping. Thus,
we excluded the other motor dimensions so that the remaining
perceptual and motor dimensions are weighted equally. We then merged
the Lancaster ratings with eight additional dimensions specifically
related to emotion from the AffectVec Emotion Database (Raji and de
Melo, 2020). These included: excitement, surprise, happiness, fear,
anger, contempt, disgust, and sadness. We retained all entries that had
ratings from both databases (N = 24,771 words) and scaled ratings to
z-scores based on each semantic dimension’s distribution. These pro
cedures resulted in a 15-dimension semantic space spanning 24,771
English words.
We derived thematic distance between each word pair in the Apha
siaBank narratives using the cosine distance between each word’s GloVe
word embedding vectors (Pennington et al., 2014). GloVe word em
beddings were chosen as the thematic semantic representations since
recent research identified GloVe as better capturing thematic relation
ships than other vector representations (e.g., word2vec, Kacmajor and
Kelleher, 2020). We derived taxonomic distance for the same word pairs
by computing cosine distance between our proposed 15-dimensional
space. We then transformed each distance by taking the inverse and
adding one. This transformation constrained each distance to the range
0–2, such that more dissimilar words were associated with greater dis
tances, and more similar words were associated with smaller distances.

3.7. Analyses
To evaluate the relationship between PWA semantic impairment and
their overall aphasia severity (Question 1), we calculated a Pearson
correlation of aphasic participants’ semantic composite score (a measure
of their overall semantic deficit) with their WAB AQ (a measure of their
overall aphasia severity).
To evaluate potential differences in thematic and taxonomic se
mantic distance between individuals with aphasia and neurotypical
controls (Question 2), we performed two linear mixed effects models
(LMEMs) using the lme4 (Bates et al., 2015) and lmerTest (Kuznetsova
et al., 2017) packages in R. The first model predicted all inter-word
thematic semantic distances across all participants and all prompts;
the second model predicted all inter-word taxonomic semantic dis
tances. Both models included fixed effects of group (aphasia vs. control)
and word count. For each model, a random intercept was included
by-individuals and by-prompt. Any significant differences between
aphasia and control groups were determined by evaluating whether the
fixed effect of group was significant.
To evaluate the relationship of integrity of the semantic system and
semantic distance in aphasia (Question 3), we performed an additional
set of two LMEMs (one each to predict thematic or taxonomic distance).
These models included only PWA, as the neurotypical controls are ex
pected to have intact semantic systems. Both models included fixed ef
fects of semantic impairment (composite score), speech fluency (as
measured by the WAB Spontaneous Speech Fluency subscore), and word
count. For each model, a random effect was included by-individuals
(with a random intercept and slope for prompt). The WAB Sponta
neous Speech Fluency subscore is a measure of the ease of speech,
assessing word finding difficulty, frequency of paraphasias, hesitations,
and syntactic ability. Including speech fluency as a fixed effect served to
ensure that a significant relationship of semantic impairment with se
mantic distance was not explained by reductions in the fluency of pro
duction. A significant relationship of semantic system impairment with
semantic distance was determined by evaluating whether the fixed ef
fect of semantic impairment was significant. To examine whether a nonlinear relationship existed between semantic impairment and semantic
distances, we performed two polynomial mixed effects models (one each
for thematic and taxonomic semantic distance). These models were
identical to those described above, with a quadratic term of the square of
the semantic composite score as an additional fixed effect. A non-linear
relationship in each model was determined by evaluating whether the
quadratic term of semantic impairment was significant.
Finally, to evaluate the relationship between participants’ mean
thematic and taxonomic inter-word semantic distances (Question 4), we
performed two Pearson correlations (one per group). For each partici
pant, we calculated his/her median thematic and median taxonomic
inter-word semantic distances across all prompts, and then correlated
these median distances across all participants (median, rather than
mean, values were used since participants’ inter-word semantic dis
tances were not normally distributed). To evaluate whether or not the
strength of this relationship differed between groups, we implemented
the Fisher’s z-test in the R cocor package (Diedenhofen and Musch,
2015). Additionally, to evaluate whether the slope of the correlation
differed between groups, we performed a multiple linear regression
model to predict participants’ mean taxonomic semantic distance from
their mean thematic semantic distance, group, and an interaction of
mean thematic distance and group. If the slope of the correlation
differed between groups, then this model would identify a significant
effect of the interaction of group and mean thematic distance. Given the
directionality of multiple regressions, we ran a second multiple linear
regression to predict participants’ mean thematic semantic distance
from their mean taxonomic semantic distance, group, and an interaction

3.5. Calculation of semantic impairment
To measure the degree of semantic impairment in the aphasia group,
we extracted each participant’s scores from all tasks that are thought to
require significant semantic processing [Boston Naming Test (Kaplan
et al., 2001); Verb Naming Test (Thompson, 2012); and the Auditory
Word Recognition subtest, Sentence Completion subtest, and Responsive
Speech subtest from the Western Aphasia Battery-Revised (WAB; Ker
tesz, 2006)]. For each test, we then z-scored each participant’s score
relative to the aphasia group. The integrity of each participant’s se
mantic system was calculated as the average of his/her z-scores on all
semantic tasks, such that greater semantic impairment was associated
with lower composite scores.
3.6. Language measures
To characterize differences in participants’ language output across
prompts, we calculated participants’ (1) mean number of words pro
duced per prompt, (2) mean utterance length, and (3) type token ratio,
both before and after the text cleaning procedure. We additionally
calculated the ratio of lemmatized content words to total words pro
duced, a measure we called the “content ratio.” A linear mixed effects
model was performed to evaluate group-level differences in each lan
guage measure, before and after the text cleaning procedure7 (note that
the content ratio is a ratio of post-cleaning to raw word count, so it only
has one model).

7
Each of these models served to predict one language measure (word count
per prompt, mean length of utterance, type-token ratio, or content ratio) from a
fixed effect of Group (aphasia vs. control) and random effects of participant,
prompt, and gender.
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of mean taxonomic distance and group.8 As with the previous regres
sion, a significant effect of the interaction of group and mean taxonomic
distance would indicate significant differences in slope between groups.

control participants (0.791 ± 0.025; Table 3; Fig. 2). Contrary to our
hypothesis, we observed that PWA also exhibited lower taxonomic dis
tances (0.697 ± 0.097) than control participants (0.779 ± 0.029;
Table 3; Fig. 2). In LMEMs developed to identify potential group-level
differences in semantic distance (see Methods), the fixed effect of
group (aphasia vs. control) significantly predicted participants’ interword taxonomic (p < .001) and thematic (p < .001) semantic dis
tance, indicating that control participants have greater overall taxo
nomic and thematic semantic distances than PWA (see Tables 4–5).
Regarding the relationship between semantic impairment and the
matic and taxonomic semantic distance, the fixed effect of semantic
impairment (as measured by the semantic composite score) significantly
predicted participants’ thematic (p < .001) and taxonomic (p < .001)
semantic distances, indicating that better semantic ability in aphasia
was associated with greater semantic distances (see Tables 6–7, Fig. 3).
Participants’ speech fluency additionally predicted their taxonomic se
mantic distances, with higher speech fluency scores associated with
greater taxonomic distances (p < .01). Additional polynomial mixed
effects models, which include an additional quadratic semantic com
posite term, show no significant relationship of the quadratic term to
thematic or taxonomic semantic distances (both ps > .05; Supplemen
tary Tables S2-S3). Thus, the linear relationship of semantic integrity
positively correlating with semantic distances holds across the spectrum
of semantic impairment.
Finally, regarding the relationship between thematic and taxonomic
semantic distances in each participant group, Pearson correlations
indicated that median taxonomic and thematic semantic distances were
moderately positively correlated in the aphasia group (r = .476) and
more modestly correlated in the control group (r = 0.165; see Fig. 4). A
Fisher’s z-transformation indicated that the aphasia group’s semantic
distance correlation was significantly stronger than that of the control
group (z = 3.72, p < .001), the opposite direction as we predicted.
Additionally, the presence of a significant interaction effect in the
multiple linear regressions indicates that the slopes of the two correla
tions are significantly different (see Tables 8–9 and Supplementary
Tables S4-S5).

4. Results
4.1. Language measures
Across all language measures (total words produced per prompt,
mean length of utterance, type-token ratio, and content ratio), PWA
exhibited significantly different values than control participants, as ex
pected (see Table 2, Supplementary Table S1). Although the total words
produced, mean length of utterance, and content ratio were significantly
greater for the control group, the type-token ratio was significantly
greater for the aphasia group. A correlation matrix depicting Pearson’s
correlation values for these language measures, WAB AQ, WAB Spon
taneous Speech Fluency sub-score, the semantic composite score, and
the mean semantic distance measures in the aphasia group (Fig. 1) in
dicates that the semantic distance measures are moderately correlated
with many of the language measures (see Fig. 2).
4.2. Relationship of semantic impairment to aphasia severity
Regarding the relationship of semantic impairment to overall apha
sia severity, a Pearson correlation indicated that participants’ semantic
composite score was strongly positively correlated with their overall
aphasia severity as measured by their WAB AQ [r (250) = 0.903 p <
.001], as predicted.
4.3. Group-level differences in semantic distance
Approximately 10% of words that participants produced were
replaced (e.g., she → WOMAN) in the lemmatization pipeline (10.4% of
words by PWA; 9.5% of words by control participants). Additionally,
approximately 60% of words produced by participants in both groups
were identified as stop words (e.g., THE, AND) and were removed from
semantic distance computations (62.3% of words by PWA; 58.9% of
words by control participants).
We observed significant differences in mean thematic and taxonomic
semantic distances between PWA and control participants. As hypoth
esized, PWA exhibited lower thematic distances (0.723 ± 0.079) than

5. General discussion
The grand promise of language science is that parallel advances in
computational linguistics, psycholinguistics, and neurolinguistics might
one day yield the data needed to converge upon a unified theory of
language. Such a synthesis requires integration across multiple linguistic
processes, each unfolding at different scales. This is an especially
important consideration for theories of lexical-semantic processing,
which must account for compositionality in the construction of messagelevel meaning. These efforts must ultimately reconcile an extensive body
of research elicited by single word paradigms with a sparser literature
focused on meaning in connected language. Here we evaluated an
intermediary step between these domains by linking semantic charac
teristics of single words to their neighbors (i.e., inter-word semantic
distance) in the context of running narratives. This method yielded tens
of thousands of temporally ordered data points, reflecting the related
ness of one word to the next.
Our research aims followed a sequential logic. First, we evaluated the
relationship between lexical-semantic impairment and aphasia severity.
These factors were strongly positively correlated (Pearson’s r = .903),
indicating that the integrity of lexical-semantic processing is a robust
predictor of language processing in aphasia. This is in line with prior
literature indicating tight relationships between semantics task perfor
mance and overall language impairment (e.g., Carpenter et al., 2020).
In our second aim, we contrasted inter-word semantic distances in
aphasia relative to age-matched controls. The aphasia group exhibited
significantly decreased thematic and taxonomic semantic distance
relative to the control group, indicating compression of retrieval pro
cesses in aphasia.

Table 2
Language measures by group.
Total words produced per prompt

Aphasia (N = 259)

Control (N = 203)

Raw, Mean (SD)
Post-cleaning, Mean (SD)
Mean length of utterance (words)
Raw, Mean (SD)
Post-cleaning, Mean (SD)
Type-token ratio
Raw, Mean (SD)
Post-cleaning, Mean (SD)
Content ratio
Mean (SD)

118 (84.9)
37.8 (27.6)

192 (78.0)
73.2 (29.7)

5.73 (2.39)
2.49 (0.80)

10.40 (2.18)
4.25 (0.99)

0.56 (0.09)
0.68 (0.09)

0.55 (0.06)
0.68 (0.06)

0.34 (0.08)

0.39 (0.03)

Table 2. Mean and standard deviation of four language measures in each
participant group. “Raw” refers to the words spoken by the participant, and
“Post-cleaning” refers to the same measures after the text cleaning procedure
was applied. Means were first calculated across all prompts within each
participant, and then across all participants. Standard deviations were calcu
lated across participants within-group.

8
Supplementary analyses were also performed to predict participants’ me
dian, rather than mean, semantic distances (see Supplementary Tables S5-S6).
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Fig. 1. Correlation matrix indicating Pearson’s corre
lations for each pair of language measures in the
aphasia group. Circle area shows the absolute value of
the correlation coefficient. More yellow indicates more
positive correlation coefficients; more purple indicates
more negative correlation coefficients. “Raw” indicates
that the measure was calculated before implementation
of the text cleaning algorithm. (For interpretation of
the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Table 3
Mean taxonomic and thematic semantic distance by group.
Thematic Distance
Thematic Distance
Mean (SD)
Taxonomic Distance
Mean (SD)

Aphasia (n = 259)

Control (n = 203)

0.723 (0.079)

0.791 (0.025)

0.697 (0.097)

0.779 (0.029)

Table 7
Results of LMEM predicting taxonomic distance from fixed effects of semantic
composite score, speech fluency, and word count.

Table 4
Results of LMEM predicting thematic distance from fixed effect of participant
group.
Fixed effects

Estimate

Std. Error

t-value

P-value

Intercept
Group (control)
Word Count

− 0.1785
0.2701
− 0.0086

0.0349
0.0178
0.0039

− 5.112
15.143
− 2.193

< 0.001
< 0.001
< 0.05

Estimate

Std. Error

t-value

P-value

Intercept
Group (control)
Word Count

− 0.1508
0.1785
− 0.0162

0.0342
0.0118
0.0039

− 4.411
15.079
− 4.131

< 0.001
< 0.001
< 0.001

Estimate

Std. Error

t-value

P-value

Intercept
Semantic composite
Speech fluency
Word Count

− 0.1701
0.1895
0.00081
− 0.0471

0.0126
0.0134
0.0132
0.0011

− 13.486
14.159
0.061
− 4.423

< 0.001
< 0.001
0.95
< 0.001

Std. Error

t-value

P-value

− 0.1185
0.0577
0.0378
0.0121

0.0099
0.0121
0.0121
0.0085

− 11.968
4.752
3.134
1.418

< 0.001
< 0.001
< 0.01
0.16

5.1. Inter-word taxonomic vs. thematic distance: differences and
similarities

Table 6
Results of LMEM predicting thematic distance from fixed effects of semantic
composite score, speech fluency, and word count.
Fixed effects

Estimate

Intercept
Semantic composite
Speech fluency
Word Count

analyses revealed moderate positive correlations between both semantic
distance measures and semantic impairment. These relationships were
such that worsening lexical-semantic deficits were associated with more
compression of inter-word semantic distances. That is, greater interword semantic distances (i.e., more control-like) were associated with
better lexical-semantic processing, even when controlling for partici
pants’ speech fluency.
In our final aim, we investigated the relationship between partici
pants’ thematic and taxonomic inter-word semantic distances. In the
aphasia group, taxonomic and thematic distances were moderately
positively correlated (Pearson’s r = .476) and more modestly positively
correlated for the control group (Pearson’s r = 0.165). These positive
correlations indicate that thematic and taxonomic semantics (1) are not
fully dissociable, and (2) are more closely related in individuals with
lexical-semantic retrieval impairments. Below we discuss these findings
and their implications in more detail.

Table 5
Results of LMEM predicting taxonomic distance from fixed effect of participant
group.
Fixed effects

Fixed effects

Patients with circumscribed brain damage have manifested a wide
variety of category-specific impairments. Such deficits, although often
controversial, have spanned both broad dichotomies such as natural
kinds vs. manufactured artifacts (Warrington and McCarthy, 1983,
1987; Warrington and Shallice, 1984), nouns vs. verbs (Laiacona and
Caramazza, 2004), and abstract vs. concrete words (Warrington and
Shallice, 1984), as well as more granular semantic distinctions such as
fruits and vegetables (Hillis and Caramazza, 1991). Recent studies have
focused on the major distinction between taxonomic vs. thematic se
mantic knowledge and the neural substrates of these systems. Current

Given the significant group-level differences in thematic and taxo
nomic distance, we then evaluated the relationship between inter-word
semantic distance and lexical-semantic processing in aphasia. These
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Fig. 2. Distribution of mean thematic and taxonomic semantic distance for the aphasia and control groups in AphasiaBank. The box plots indicate the median,
interquartile range, and variability for each group, and the violin plots additionally illustrate each group’s kernel probability density.

Fig. 3. Relationship of the semantic composite score to thematic semantic distance (left, red) and taxonomic (right, blue) in the aphasia group. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

thinking is that taxonomic or feature-based knowledge (e.g., visual
feature overlap) is mediated by anterior and inferior regions of the
temporal lobes. For example, dogs and wolves share considerable
feature overlap and may be represented within a phylogenetic tree
structure that is susceptible to selective pruning or more widespread
damage. In contrast, dogs and leashes are primarily linked through
contextual associations and/or common event schemas (Mirman et al.,
2017). This type of thematic semantic knowledge is thought to rely more
heavily upon associative processes within the temporoparietal junction.
The canonical distribution of brain damage in aphasia yields prin
cipled predictions about the nature of how semantic distance might be
perturbed. The middle cerebral artery (MCA) territory is the most
vulnerable region of the brain to cerebral ischemia (Nogles and Galuska,
2021). This swath of cortex includes much of perisylvian language
network extending from anterior regions such as Brodmann areas 44/45
to posterior temporal and inferior parietal structures encompassing the
temporoparietal junction. Unilateral anterior temporal lobe damage is
not unheard of, however, particularly in posterior communicating artery
(PCA) strokes. Yet, the relative impact of aphasia is more commonly
seen in regions such as the angular gyrus that are thought to support
thematic or association-based semantic knowledge.

Further, previous research indicates that aphasia often results in
topic perseveration, with individuals exhibiting decreased ability to shift
from one topic to another (Chiou and Kennedy, 2009). Given the
perseverative nature of speech in aphasia, we hypothesized that the
words that PWA produce would be more thematically related than those
produced by controls. Our finding of compressed thematic semantic
distances in aphasia supports this hypothesis. Further, given other evi
dence that individuals with other conditions (e.g., schizophrenia, Elve
våg et al., 2007) tend to exhibit greater semantic distances than controls,
these findings suggest that there is a “sweet spot” of semantic distance in
narrative production. Although abnormally large semantic distances (as
in the speech of individuals with schizophrenia) may be perceived as
disjointed or inharmonious (Elvevåg et al., 2007), speech in aphasia,
with its abnormally low semantic distances, may be perceived as
thematically narrow and repetitive (Behrns et al., 2009; Ulatowska
et al., 1981). Future research should evaluate the prediction that the
matic semantic distance impacts perceived cohesiveness of narratives.
The anterior temporal lobe is thought to be the hub of taxonomic
relationships (Lewis et al., 2015) and is relatively spared in individuals
with post-stroke aphasia (Jefferies et al., 2007). As such, we hypothe
sized that taxonomic distances in aphasia would not be as compressed as
8
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Fig. 4. Correlation of median thematic and taxonomic semantic distance by group. The aphasia group’s median semantic distance measures are more highly
correlated and have a greater slope than that of the control group. Shaded areas represent 95% confidence intervals.
Table 8
Results of multiple linear regression predicting mean taxonomic distance.
Coefficient

Estimates

Std. Error

t-value

P-value

Intercept
Thematic distance
Group (control)
Interaction: Thematic distance x Group (control)
Observations: 462 Adjusted R2 = 0.500

0.152
0.755
0.425
− 0.499

0.035
0.048
0.139
0.177

4.395
15.880
3.047
− 2.818

< 0.001
< 0.001
< 0.01
< 0.01

Table 8. Results of multiple linear regression predicting mean taxonomic distance from independent predictors of (1) mean thematic distance, (2) group (aphasia vs.
control), and (3) interaction of mean thematic distance and group. Results indicate a significant correlation of mean thematic distance and mean taxonomic distance (p
< .001) and a significant difference in the slopes of the correlations between the two groups (p < .01).

Table 9
Results of multiple linear regression predicting mean thematic distance.
Coefficient

Estimates

Std. Error

t-value

P-value

Intercept
Taxonomic distance
Group (control)
Interaction: Thematic distance x Group (control)
Observations: 462 Adjusted R2 = 0.504

0.373
0.502
0.272
− 0.314

0.022
0.032
0.096
0.124

16.667
15.798
2.828
− 2.528

< 0.001
< 0.001
< 0.01
< 0.05

Table 9. Results of multiple linear regression predicting mean thematic distance from independent predictors of (1) mean taxonomic distance, (2) group (aphasia vs.
control), and (3) interaction of mean taxonomic distance and group. Results indicate a significant correlation of mean thematic distance and mean taxonomic distance
(p < .001) and a significant difference in the slopes of the correlations between the two groups (p < .05).

thematic distances are. Additionally, PWA often produce semantic par
aphasias and circumlocutory speech in attempts to access lexical items
(Andreetta et al., 2012; Azhar et al., 2016). Occasionally, paraphasias
may represent concepts that are distantly related to the intended target
(Ardila and Rosselli, 1993). Therefore, we predicted that the aphasia
group would exhibit greater taxonomic distances than the control group.
However, we found that, similar to thematic distances, the aphasia
group exhibited compressed taxonomic distances relative to the control
group. The compressed taxonomic distances in aphasia may be due to a
few factors. Previous research has shown that semantic processing of
more closely related concepts occurs more quickly and requires less
cognitive control than more distally related concepts (Geller et al., 2019;
Lewis et al., 2015b). As such, the lexical-semantic retrieval deficit in
aphasia may make selection of less taxonomically related items more

challenging than selection of more closely related items. In narrative
discourse, this would manifest behaviorally as lower inter-word dis
tances and increased overall taxonomic relatedness. This is supported by
our finding of tight thematic relationships in PWA. Specifically, diffi
culty in topic-shifting (e.g., thematic jumps) may also constrain
inter-word taxonomic relationships to more limited categories. For
example, one participant with aphasia had difficulty transitioning from
a description of Cinderella’s family to her work as their servant, saying
“She lived with her stepmother and two stepsisters or, not nephews, but,
well, stepsisters, I guess.” This perseveration of tightly taxonomically
linked relationships (i.e., STEPMOTHER – STEPSISTER – NEPHEW –
STEPSISTER) results in compressed taxonomic inter-word distances. In
summary, in both relational systems, PWA tended to select items more
closely related to the previous word, resulting in more compressed
9
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thematic and taxonomic distances.
This compression across both taxonomic and thematic systems was
also reflected in the relationship between the two systems. Specifically,
we found that thematic and taxonomic inter-word distances were posi
tively correlated for both the aphasia and control groups. These positive
correlations indicate that individuals with lower mean thematic dis
tances also exhibited lower mean taxonomic distances (i.e., compression
operated similarly across systems). This finding may be surprising given
previous evidence that aphasia typically results in much greater
impairment to either thematic or taxonomic semantics rather than sig
nificant impairment to both systems (Kalénine et al., 2012). However,
the positive associations of thematic and taxonomic distances are in line
with previous research indicating that taxonomic and thematic seman
tics are not fully dissociable. Although there is general agreement that
taxonomic and thematic semantics partially dissociate behaviorally (e.
g., Seckin et al., 2016; Thompson et al., 2017) and neurally (e.g., Carota
et al., 2021; Savic et al., 2017; Zhang et al., 2021), other studies have
identified strong correlations in thematic and taxonomic semantics (e.g.,
Wang et al., 2018). This study provides additional evidence that the
matic and taxonomic semantics are not fully dissociable and may be
similarly impacted in narrative discourse in aphasia.

thematic and taxonomic distances than controls (Supplementary
Tables S6-S8; Supplementary Figure S2) and that better semantic ability
was associated with greater thematic distances (Supplementary
Table S9; Supplementary Figure S3), as we found when repetitions were
included. Although the significant correlations of thematic and taxo
nomic distance (Supplementary Figure S4; Supplementary
Tables S11-S12) and effect of semantic ability on taxonomic distances
(Supplementary Table S10) do not hold when repetitions were removed,
future research should assess whether these relationships exist when
only true repetitions are excluded. Finally, given that this retrospective
study included only participants in the AphasiaBank database, the an
alyses were constrained to the predominantly White, monolingual
English-speaking, highly educated participants in AphasiaBank. Future
studies should include participants of more diverse backgrounds to
confirm that these findings are reliable across diverse groups.
7. Future directions & conclusion
Although individuals with lexical-semantic retrieval deficits (apha
sia) exhibit deficits in discourse and narrative production, most research
on their deficits examines impairment at the single-word level. How
ever, far less is known about how lexical-semantic deficits compound
over the course of more naturalistic language. In this study, we build
upon previous research on lexical-semantic access impairments by
investigating semantic flow (semantic distance) during narrative pro
duction in individuals with aphasia and age-matched controls. We found
that lexical-semantic access deficits compound during narrative pro
duction in aphasia, such that semantic distances were decreased relative
to controls. Further, semantic distance appears to be a reliable predictor
of semantic impairment in aphasia, with more compression associated
with worse impairment. This semantic compression stands in contrast to
other disordered populations (e.g., schizophrenia), who tend to exhibit
more disjointed, expanded semantic distances. Future work may
examine the role of semantic distance in listeners’ judgments of narra
tive quality. The findings we report indicate that individuals with
aphasia exhibit marked topic perseveration and discourse-level semantic
impairments, extending our knowledge about lexical-semantic retrieval
processes during narrative production. Future research should investi
gate the time course of semantic distance over narrative production.
Examination of semantic distance over the course of a narrative may
uncover important information on the compounding of lexical-semantic
deficits over multiword utterances. More broadly, semantic distance
forms a bridge between analyses of single words and narratives, making
it a promising measure for future work examining how language oper
ates at the multiword scale.

6. Limitations
There are a few limitations of the current study. First, although
aphasia is often discussed as a lesion model of lexical-semantic access,
we have since come to understand that the distinction between semantic
representation and controlled lexical-semantic access is nuanced. Lam
bon Ralph, Jefferies, Rogers, Patterson and their many colleagues have
argued that lexical-semantic control and representational knowledge are
highly interactive components of the semantic system (e.g., Lambon
Ralph et al., 2017). Moreover, recent studies have also shown that in
dividuals with aphasia do sometimes exhibit deficits in semantic
knowledge in addition to deficits in lexical-semantic retrieval, thus
complicating the characterization of aphasia as a deficit specifically in
retrieval (Chapman et al., 2020).
Additionally, although Kacmajor and Kelleher (2020) recently
showed that GloVe represents thematic relationships better than other
vector representations (e.g., word2vec), GloVe does also capture taxo
nomic relationships to a lesser degree. As such, future research should
investigate whether other co-occurrence models (e.g., n-gram frequency
models, as in Banks et al., 2021) better capture purely thematic semantic
distances. Further, in this study, we averaged semantic distances across
all inter-word pairs, collapsing by narrative prompt, rather than exam
ining the time series of semantic flow over the course of narrative pro
duction. By collapsing semantic distances across all narrative prompts,
we have examined semantic flow in a “brute force” manner, under the
assumption that narrative production is taxing in aphasia (Ulatowska
et al., 1981) and typically produces semantic paraphasias (Andreetta
et al., 2012). Future studies should examine how semantic flow changes
in the words directly following a paraphasia. Additionally, although
participants, especially individuals with aphasia, often repeat words or
phrases, our semantic distance computations did not remove immediate
repetitions of the same word. Given that our pipeline removes punctu
ation, it does not distinguish between a true repetition such as “The cat
chased the dog, was it a dog?” and an utterance such as “The cat chased
the dog. The dog ran away.” In both cases, the utterances would include
the repeated lemma DOG, resulting in inter-word semantic distances of
zero. Since apparent repetitions of words may be true repetitions or an
effect of the lemmatization processing, the analyses presented here do
not remove repeated words. To address the concern that repetitions
might bias the results reported here, we also performed all analyses with
the repetitions removed, although we note that the removed repetitions
include both true repetitions and false repetitions due to our lemmati
zation processing (see Supplementary Information). When repetitions
were removed, we found that PWA still exhibited significantly lower
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