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Retrieving words quickly and correctly is an important language competence. Semantic
contexts, such as prior naming of categorically related objects, can induce conceptual
priming but also lexical-semantic interference, the latter likely due to enhanced compe-
tition during lexical selection. In the continuous naming (CN) paradigm, such semantic
interference is evident in a linear increase in naming latency with each additional member
of a category out of a seemingly random sequence of pictures being named (cumulative
semantic interference/CSI effect). Extensively studied in neurotypical participants, CSI
studies in people with aphasia (PWA) are rare, although some lesions regularly and
persistently impair word retrieval. In the present study, 20 PWA with lesions in the
extended left hemispheric language network and 20 matched controls underwent a CN
paradigm, naming photographs of closely related objects from 24 categories (e.g., birds)
with 5 members each. The experiment was conducted web-based (Stark et al., 2022) on
three days (day 1, 2, and 8). The main results are: (i) Mild-moderate aphasia does not
preclude web-based testing. (ii) The CSI effect in naming latencies (~21 ms per ordinal
position) did not differ significantly between groups but was more variable in the PWA; the
effect was stable across days. (iii) Overall response times decreased between day 1 and day
2, but remained stable on day 8. (iv) In PWA, increased error-rates paralleled the latency-
based CSI effect, suggesting stronger interference in this group. (v) Exploratory analyses
suggest that lesions in a large area, including frontal, inferior parietal, pre- and post-central
opercular cortices, are linked to a larger CSI effect. At a more lenient statistical threshold,
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lesions in occipital and supramarginal cortices were associated with increased overall
naming latencies. These results offer an initial step toward identifying the neuronal un-
derpinnings of semantic context effects in PWA. We conclude that web-based assessment

is feasible in PWA and yields a stable CSI effect over repetitive testing. While not directly
clinically applicable, the findings could serve as a foundation for exploring training-
interventions targeting lexical activation, interference resolution, or word selection.

© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Fast and correct retrieval of words is a cornerstone of efficient
language production. Seemingly effortless in uncompromised
speakers, deficits in word retrieval are common and persisting
symptoms of acquired language disorders (aphasia). Based on
extensive research in neurotypical participants and people
with aphasia (PWA), psycholinguistic models assume several
sub-processes to word retrieval, including the activation of
lexical entries (lemmas) in the mental lexicon and the sub-
sequent selection of the correct entry from co-activated
members of a cohort (e.g., “cat” from the cohort “pets”; e.g.,
Abdel Rahman & Melinger, 2019; Bloem et al., 2004; Dell et al.,
1999; Indefrey & Levelt, 2000; Levelt, 1999; Levelt et al., 1999;
Oppenheim et al., 2010; Roelofs, 2022). Research in uncom-
promised speakers shows that semantic context, depending
on its relatedness to the target word (conceptual/lexical/post-
lexical) and the presentation mode, either facilitates or in-
hibits word production, i.e., speeds up or hampers naming.
The reported effects mostly affect naming-latencies and are
usually subtle. The few studies on people with aphasia (PWA)
suggest that typical aphasic errors, such as semantic para-
phasia (e.g., saying “dog” when meaning cat) partly stem from
similar inhibition and facilitation patterns (e.g., Piai & Knight,
2018; Schnur et al., 2009). Beyond further confirmation of
psycholinguistic models, work in PWA is also warranted to
devise novel theory-grounded treatment schemes. In the
current study, we therefore assess the stability of the se-
mantic interference in PWA and a matched control group in
repeated tests over one week. If the interference effect re-
mains stable across cohorts and repetitive testing, this sug-
gests that the effect of semantic context manipulation is
robust and rather short lived and that lasting changes can
only be achieved through intensive training (e.g., Bruehl et al.,
2023; Patra et al., 2022; Spitzer et al., 2021). Regarding a clinical
perspective, assessing semantic interference in a web-based
paradigm using picture naming may ease future research on
whether and how modifications of the cumulative semantic
interference (CSI) effect can be elicited in PWA. As a first step
to evaluate the potential for interventions, we here seek to
establish whether stability over repetitive testing can be
assumed.

1.1. Paradigms evoking semantic context effects in
confrontational picture naming

Picture naming is the standard way to probe controlled word
retrieval. Semantic context effects have largely been evi-
denced by three manipulations: (i) In the picture-word

interference (PWI) paradigm, participants name a target picture
more slowly when it is presented together with a semantically
related word instead of an unrelated distractor word (e.g.,
Catword + dogpicture Slower than catyord + bUSpicture; Damian &
Bowers, 2003a; de Zubicaray et al., 2012; Glaser & Diingelhoff,
1984; Henseler et al., 2014; Jescheniak et al., 2005; Schriefers
et al., 1990). (ii) In the blocked cyclic naming (BCN) paradigm,
participants name pictures more slowly when presented in
blocks of semantically related items when compared to blocks
containing unrelated items (Belke & Stielow, 2013; Navarrete
et al., 2012). (iii) In the continuous naming paradigm, partici-
pants name a seemingly random sequence of pictures.
Notably, with each novel exemplar from a given semantic
category, response-time increases, signaling the cumulative
semantic interference effect (CSI; Howard et al., 2006). This
interference occurs largely independent of the number of
unrelated intervening items (Howard et al.,, 2006; Schnur,
2014) and is stronger when category members are more
closely related (e.g., apes: orangutan, chimpanzee, ... Us ani-
mals: orangutan, horse, fish, ...; Rose & Abdel Rahman, 2017).
Thus, across these paradigms, semantic context based on a
categorical relationship (which defines lexical cohorts) in-
creases the naming latency (Doring et al., 2022; Pino et al,,
2022; Schnur et al., 2006). A model to accommodate interfer-
ence effects that also includes facilitatory factors such as
associative primes (e.g., bone — dog) posits differential
weights of all modulating factors at the different stages of
word production leading to a net-effect either facilitatory or
inhibitory in nature (Abdel Rahman & Melinger, 2019; Chen &
Mirman, 2012). Thus, incorrect aphasic word retrieval may be
partially due to pathologically altered semantic context ef-
fects during picture naming.

In the present study, we use the continuous naming (CN)
paradigm and assess the CSI effect in a group of PWA and a
matched neurotypical control group. We use the CN paradigm
because it is ecologically valid. This especially holds for
studies involving PWA in whom sequential picture naming is
regularly used for diagnostics and training (e.g., Bruehl et al.,
2023; Conroy et al., 2009; Nickels, 2002; Pagnoni et al., 2021;
Walker et al., 2018). Furthermore, the critical manipulation,
with several semantic categories whose members are
embedded in a pseudo-random sequence of items to be
named, is usually not noticed by the participant (Howard
et al, 2006). The CN is efficient because interleaving
different categories is possible, in that for a given category,
exemplars of other categories can serve as ‘fillers’, hereby also
counteracting the statistical impact of effects such as fatigue
(Doring et al., 2022; Harvey et al., 2019; Rose & Abdel Rahman,
2017; Schnur, 2014). The CSI effect is robust and substantial (in
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neurotypicals 13—30 ms for each new member of a category;
Dyson et al, 2021; Fuhrmeister & Biirki, 2022; Glaser &
Diingelhoff, 1984; Hart, 2017; Harvey et al., 2019; Howard
et al.,, 2006; Stark et al., 2022). Indeed, for five exemplars of a
category, the overall CSI between the first and the last
exemplar amounts to more than 50 ms.

Regarding the design of the present study, we only slightly
modified that of our preceding study (Stark et al., 2022). In that
study, young, neurotypical participants showed a CSI effect in
spoken and typed responses which was comparable to pre-
vious lab-based designs. Of the two modalities tested there,
we here only use the spoken response modality, since it is
more ecologically valid especially for PWA and typing skills
are quite variable in older and neurologically impaired
populations.

1.2 Semantic context effects impact different levels of
word retrieval and production

Most models of speech production assume a conceptual, a
lexical, and a phonological-articulatory phase. In the con-
ceptual phase, visual features are analyzed (e.g., ‘has legs’ vs
‘has wings’) and compared with the supramodal semantic
memory (e.g., ‘barks’ + ‘has fur’ — dog). This triggers the
lexical phase in which the lexical entry is activated and
selected (activation of the lemma, e.g., /DOG/). To produce the
intended word, the final phase involves phonological-
morphological encoding and articulation (retrieval of phono-
logical code and preparation of articulatory gestures, e.g.,
/dpg/; Levelt et al., 1999). Regarding semantic interference ef-
fects, the choice of the correct lemma during the lexical phase
is crucial (Dell, 1986).

Word production models largely agree that the activation
of lemmas, triggered as the result of the conceptual/feature
activation, includes the activation of entire lexical cohorts of
related entries (“spreading activation”, e.g., cat — all pets;
Roelofs, 1992). While this spreading activation induces facili-
tatory semantic priming, it also affects the competition be-
tween the members of the cohort, resulting in slower, more
error-prone or faster naming, depending on the context.
Indeed, the narrower a cohort is defined (e.g., living — ani-
mals — pets — dogs), the stronger is the competition between
its members (Rose et al., 2019). Yet, the loci of facilitatory and
inhibitory semantic context effects are partially controversial.
Facilitation is mostly assumed to be evoked by semantic re-
lations at the conceptual level (Bloem et al., 2004; Bloem & La
Heij, 2003). Conversely, interference has been taken to reflect
competition for selection between cohort members due to
lexical co-activation (Damian & Bowers, 2003b; Jescheniak
et al., 2014; Starreveld & La Heij, 2017). The more items are
active at the lexical level, the stronger the competition for
selection.

In the CN task, an additional learning mechanism has been
suggested. Upon naming a picture, the link between a concept
and its corresponding lemma is strengthened (Howard et al.,,
2006; Oppenheim et al., 2010). As a result of these naming-
induced adaptations of connection weights, previously
named related items are activated more strongly and are
therefore stronger competitors at the lexical level. Accord-
ingly, with each new member of a semantic category, the

number of previously named strong competitors increases,
resulting in increasing selection difficulties—in cumulative
semantic interference. For completeness it should be noted
that other accounts hold for specific paradigms, including
post-lexical mechanisms in the PWI task (Finkbeiner &
Caramazza, 2006; Mahon et al., 2007).

Being aware of these controversies, we here proceed
from the well attested fact that interference in the CN
paradigm increases with each member of a given cohort
being named and ask whether the CSI effect in PWA is
similar to that documented in neurotypical participants. In
addition, the feasibility of web-based testing and the sta-
bility of the effect across three sessions and eight days are
addressed.

1.3. Semantic context effects are relevant for people with
aphasia

In PWA with non-fluent aphasia, erroneous or unsuccessful
word retrieval is a common symptom, next to the generally
slower production. Word-finding problems, the core symptom
of their production deficit, manifests in lexical search
behavior, omissions, semantic and/or phonemic paraphasia
and/or, in severe cases, neologisms. Semantic paraphasia
(saying ‘dog’ when meaning cat) in particular support the
above sketched models of lexical competition during word
retrieval (Schwartz, 2014): ‘Noisy access’ to the mental lexicon
may hinder naming due to lower activation of the target entry
(Harvey & Schnur, 2015). Additionally, erroneous selection
from a co-activated lexical cohort seems to play a critical role
in the generation of aphasic word production errors (Nozari &
Hepner, 2019). These semantic context effects are relevant at
different stages of (erroneous) word production, not least
when repetitive and confrontational naming is used during
speech-language therapy (SLT; Abel et al., 2007). Indeed, re-
petitive naming ‘within’ the semantic cohort can lead to
increased interference in some patients (Pino et al., 2022).
Different therapy schemes have been proposed for the
treatment of word finding difficulties. The widely used prin-
ciple of “vanishing cues” trains naming of an item repetitively
with all available cues (written word form, auditory presen-
tation, etc.) to then gradually reduced cues, with the aim to
support “errorless learning” (Haslam et al., 2010; Middleton &
Schwartz, 2012; Nunn et al., 2023). Of note to our present
study, another therapeutic principle, the so-called “Semantic
Feature Analysis” capitalizes on the facilitatory effect of con-
ceptual/featural analyses for lexical retrieval. Indeed,
describing predefined features of the object to be named eased
lexical retrieval in patients with anomia (Efstratiadou et al,,
2018). Interestingly, another novel approach suggests that
both semantic word processing and executive control can be
trained by using established semantic-interference paradigms
as a training intervention (Bruehl et al., 2023). After a four-
week training program, naming improved in conditions with
and without interference, partly generalizing to untrained
items. This was mirrored by activation changes in specific
brain regions. The latter two intervention schemes highlight
the clinical relevance of a better understanding of semantic
context effects in PWA to advance the development of indi-
vidually tailored, theoretically grounded principles of anomia
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treatment, which is one pillar of SLT (Brady et al., 2016;
Breitenstein et al., 2017).

1.4. Studies in PWA show variable semantic context

effects

Studies on semantic context effects yielded variable results in
people with aphasia (PWA). Most studies have focussed on the
picture word interference (PWI; Piai & Knight, 2018; Pino et al.,
2022; Ries et al., 2019) and the blocked cyclic naming (BCN)
tasks (Schnur et al, 2006) while continuous naming (CN)
studies are rare: A study on 15 PWA used data from an un-
structured large corpus of pictures. It suggests a persistent
interference effect in error rates, which increased for every
novel member of a given category. Since the effect was driven
by semantic naming errors (saying “cat” for the picture of a
dog), the authors conclude that PWA, like neurotypicals, show
relatively permanent, experience-driven changes in connec-
tion strengths between semantic and word-form representa-
tions, often called incremental learning (Harvey et al., 2019). In
a review on the differences between BCN and CN, Belke and
Stielow (2013) propose that exaggerated context effects in
PWA for the BCN task may stem from a lack in top-down bias,
especially in Broca-type aphasia. Although this has not been
studied explicitly, this mechanism should not affect the CN
task, since it does not involve repetition of the same items. In
the same vein, increased cumulative semantic interference
across blocks of a BCN task was reported in a patient with
Broca's aphasia and interpreted as a problem of lexical control
(Scott & Wilshire, 2010). In another case study, two non-fluent
PWA showed exaggerated blocking effects that increased with
repetition, while a fluent person with aphasia did not show
such an effect (Biegler et al., 2008). Combing lesion and func-
tional imaging data, Schnur and colleagues suggest the left IFG
to bias lexical selection when competition between candi-
dates arises (Schnur et al., 2009). To our knowledge, as yet, a
formal comparison between BCN and CN in a larger cohort of
PWA with variable lesion/deficit profiles is missing. Notably,
however, in a recent study using both a CN and a BCN task, 6
out of 20 PWA showed ‘paradoxical’ decreased response times
with ordinal position in the CN task, while other PWA showed
increased response times (i.e., larger CSI) when compared to
the control group (Nappo et al., 2022). This may indicate that
PWA will show different behaviour, depending on whether
activation of the lemma or selection from the categorical
competitors is impaired. PWA with activation issues may
‘profit’ from the semantic context while those with a
selection-problem will show an exaggerated CSI (Nappo et al.,
2022).

In the current study, we primarily target the questions (i)
whether a controlled CN-task elicits a CSI effect in PWA,
similar to that in matched neurotypical controls, and (ii)
whether repeated testing will change the size of the CSI. Given
the variability of semantic context-effects in PWA previously
reported, CSI effects in PWA may be increased, decreased, or
similar when compared to neurotypical controls. Since the
effect of alesion in PWA has been suggested to depend on site/
size and the patholinguistic profile, we do not have a specific
prediction regarding the direction of change. To further
explore whether and how lesion site affects interference

effects (Harvey & Schnur, 2015; Piai et al., 2016; Piai & Knight,
2018; Schnur et al., 2009), we perform an exploratory lesion-
behaviour analysis correlating overall naming latency and
size of the CSI effect with lesion site and size.

1.5. Web-based assessment of semantic context effects
may ease follow up of therapy-induced changes in PWA

In post-stroke clinical populations, morbidity-related reduced
mobility is a challenge (Jorgensen et al., 2002; Langhorne et al.,
2009). Web-based assessment could ease their repetitive
testing. Moreover, infection-prevention during the pandemic
has shown that remote testing may be mandatory for other
medical reasons. However, linguistic effects in the range of
milliseconds, such as the CSI, require reliable and accurate
response time assessment. Testing patients web-based at
their homes entails differences in hardware and software
equipment and variably stable internet connection, and re-
quires the participant to handle the browser and the experi-
mental platform (Vogt et al., 2022). Driven by the pandemic,
several studies have shown that reliable display times and
response recordings are possible even when data are recorded
via the participants’ web-browsers (e.g., Anwyl-Irvine et al,,
2021), especially if within-participant comparisons are inten-
ded (Rodd, 2024; Sauter et al., 2020; Vogt et al., 2022).
Numerous lab-based experiments have been successfully
replicated web-based (e.g., Fairs & Strijkers, 2021; Hilbig, 2016;
Sauter et al., 2022; Stark et al., 2022; Stoehr et al., 2023; Vogt
et al., 2022). The results show acceptable data quality and
smaller than expected cross-setup variability (often <10 ms;
e.g., Anwyl-Irvine et al., 2021; Bridges et al., 2020; de Leeuw &
Motz, 2016; Mathot & March, 2021; Reimers & Stewart, 2015).
Although these data are encouraging, the exact degree of
imprecision remains unknown and is likely to depend both on
the technical setup and on the study population: In a recent
study, Biirki and Vasishth (2024) compared students in a lab-
based speech production experiment to participants from a
more general online pool in a web-based version of the same
paradigm. They found good within-participant consistency,
but smaller effect sizes in the web-based data. This was due to
higher between-participant variation, possibly from the more
diverse participant pool and home distractions. While aware
of these limitations, web-based testing offers significant op-
portunities for longitudinal studies and tracking therapy-
induced changes in language production.

While different outcome measures of language production
have been studied web-based in both neurotypicals and PWA
(e.g., Bevivino et al., 2023; Kandel et al., 2022; Lee et al., 2023;
Mcconnell et al., 2024; Payne, 2020; Python et al.,, 2023;
Schwarz et al, 2022), we are not aware of any studies
assessing time-critical measures of language production in
PWA yet. However, regarding unimpaired language produc-
tion, web-based assessment of voice onset times has been
demonstrated to be feasible in young, neurotypical pop-
ulations (Biirki & Vasishth, 2024; Corps & Meyer, 2023; Fairs &
Strijkers, 2021; Gavard & Ziegler, 2024; He et al., 2021, 2024; Li
etal., 2022; Mooijman et al., 2023; Stoehr et al., 2023; Vogt et al.,
2022), including in the continuous naming paradigm (Stark
et al,, 2022). The latter study demonstrated a relatively large
and stable CSI effect with an increase in naming latency of
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~31 ms with each additional category member named. The
effect was comparable in spoken and written responses and in
the range of effect sizes reported from data collected in the
lab. Moreover, internet-based therapy in PWA has been
advanced recently (Asghar et al., 2021; Cherney et al., 2021;
Kiran et al., 2014), including online naming tasks providing
automated feedback (Pompili et al.,, 2011). Therefore, web-
based assessment and interventions must be considered
powerful tools for improving therapeutic care and long-term
treatment, also for people with acquired language disorders.
Besides such general advantages, diversity of study partici-
pants may be increased by recruiting participants in rural or
other ‘hard-to-reach’ environments (Henrich et al., 2010). The
current study aimed to establish the feasibility and validity of
web-based response time assessment in PWA, with the po-
tential to open new avenues for research and training
assessment. Using a paradigm and stimuli evoking reliable
interference in web-based settings in young participants, we
sought to investigate the specific mechanisms and potential
pitfalls in PWA.

1.6.  Aims of the present study

Based on the above considerations the present study targets
web-based testing in people with aphasia (PWA) for a se-
mantic interference paradigm. The ecologically valid CN
paradigm assesses semantic context effects in picture
naming, one of the pillars of diagnostics and therapy in
PWA. We address the questions whether (i) the CSI effect
can be demonstrated in a web-based continuous naming
task in people with mild or moderate aphasia, and (ii)
whether such assessment can be performed repeatedly, with
stable effects.

We hypothesized that web-based assessment should be
feasible in people with mild-to-moderate aphasia. We tested
the cohort of PWA and control participants using the same
design as previously tested in young neurotypical individuals
(Stark et al., 2022). Because we expected PWA to need more
support especially for the initial familiarization with the set-
up, remote support via telephone was provided throughout
all sessions.

Regarding the repeated testing, we expected adherence to
the protocol in all participants who completed the first day.
Hypotheses on potential modulations of the CSI effect upon
repeated testing are less straight-forward, since, to our
knowledge, repeated testing in the CN-paradigm has not been
formally addressed before. Three results are possible: (i) A
stable effect over repeated testing would indicate that the
interference between co-activated cohort members is not
modulated until the next experimental session. Indeed, head
priming effects in compound production have been reported
stable across sessions in repetitive testing (within one day;
Lorenz et al., 2022). (ii) Alternatively, an increase in CSI over
successive testing would speak for a long-term strengthening
of the within-cohort connections, leading to increased
spreading activation and thereby to an increased CSI effect.
(iii) A decrease in the magnitude of the CSI would suggest that
selection of the correct lemma from the activated lexical
cohort becomes more efficient upon test repetition. Although

not a main target of the study we expected an overall increase
in naming speed. This hypothesis was based on other
schemes of repetitive testing. Moreover, we expected slower
naming and more variable CSI effects in the PWA when
compared to the neurotypical control group. In exploratory
follow-up analyses, we controlled for the effect of aphasic
syndrome severity and chronicity.

To gain a first idea on the neural correlates of the CSI, we
additionally correlated lesion size and site based on brain
images with overall naming skills, the size of the CSI effect,
and changes over repetitive testing. This exploratory anal-
ysis used a multivariate approach. Candidate regions relevant
for confrontational naming are the anterior and posterior
hubs of the neuronal network supporting language. The
anterior part (including the inferior frontal gyrus/IFG) may be
of special relevance for selecting the correct member from an
activated lexical cohort (Anders et al., 2019; Badre et al., 2005;
Pino et al., 2022). Posterior temporal and inferior parietal re-
gions seem to be involved in the activation of the lexical
cohort, generating lexical competition (Harvey & Schnur,
2015; Piai & Knight, 2018; Pisoni et al., 2012). Both lesions in
anterior and in posterior temporal and inferior parietal re-
gions were taken into consideration for exploratory lesion-
behavior analyses.

The hypotheses and analyses were preregistered on the
Open Science Framework: https://osf.io/gkqy9.

2. Methods
2.1. Participants

Twenty people with aphasia (PWA; 3 female; Mg = 53.4,
SD = 5.43, range: 39—62) and 20 sex-, education- and age-
matched control participants (Control; 3 female: Mage = 53.2,
SD = 5.72, range: 38—62) who successfully completed all test
sessions and embedded attention checks within the pre-
registered time frame were recruited for the experiment
(Table 1). Sample size was determined by an a-priori power
analysis using the R package simr (v1.0.5; Green & MacLeod,
2016) and was based on estimates from a previous patient
and a previous online study (Lorenz et al., 2021; Stark et al,,
2022). To account for the expected greater noise in the on-
line setting, we increased the estimated sample size for power
of >80% by 25% to 20 valid data sets per group. Four additional
PWA were tested but excluded because audio files were not
available (n = 2) or because the test-schedule deviated sub-
stantially from the protocol (n = 2).

All PWA had a chronic, acquired left hemispheric lesion
(over three months after onset). Participants were included
only if their spontaneous speech showed impairment ac-
cording to the German Aachen Aphasia test (AAT) dimension
“Semantics”, as assessed based on a semi-structured inter-
view (i.e., scores of <4 for interview with 6 rating dimensions,
including “Semantics”. All dimensions are assessed on 5-point
rating scales with 5 indicating “unimpaired”; Huber et al,,
1984). The overall test profiles (“profile height”) of the
included participants showed mild to moderate aphasia. Ac-
cording to the classifier of the AAT, the following aphasia
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Table 1 — Epidemiological and patholinguistic essentials of final PWA cohort and matched controls (n = 20 each).

age [yrs.] sex[m/f] edul[yrs] MPO stroke hand.[R/L] LQ [%] AAT LEMO Matched Control
TT [% rank] NAM [% rank] SEM  SYNON [% corr.] age [yrs.] sex[m/f] edu [yrs]

1 51 m 19 19 isch R 82 97 98 3 85 50 m 16

2 53 m 19 15 isch R 100 99 99 4 90 53 m 18

3 60 m 12 7 isch L —80 95 97 4 83 61 m 13

< 54 m 21 121 ICH R 100 39 42 3 75 52 m 22

2 51 m 19 93 ICH R 90 79 91 4 88 51 m 12

6 51 m 13 93 isch R 90 86 94 3 83 51 m 22

7 57 m 16 30 ICH R 100 97 93 4 88 57 m 20

8 55 m 16 23 ICH R 70 93 99 4 85 54 m 21

& 62 f 22 68 ICH R 100 58 52 3 83 62 f 18
20 51 m 13 23 ICH R 82 97 100 4 98 51 m 13
1 55 m 12 120 isch R 100 99 96 4 85 57 m 17
12 55 m 12 4 isch R 100 15 28 3 93 52 m 13
? 58 m 13 42 isch L —100 99 100 4 95 59 m 12
& 44 m 11 32 isch R 67 86 97 3 90 43 m 9
£ 59 m 15 40 isch R 100 83 100 4 95 56 m 12
16 61 m 13 65 isch L —100 83 100 3 85 61 m 20
£ 39 m 19 17 ICH R 100 99 100 4 88 38 m 20
18 55 m 16 82 ICH R 90 99 100 4 90 52 m 15
B 53 f 17 32 isch R 82 74 83 4 98 52 f 12
20 54 f 12 259 ICH R n.a. 21 75 3 73 52 f 12
av 53.4 17/3 15.5 59.3 11/9 17/3 61.7 79.9 87.2 3.6 87.3 53.2 17/3 15.8
SD 5.43 3.35 57.92 68.0 25.56 20.85 49 6.47 5.72 4.02

Note. Edu = total education years; MPO = months post-onset; hand. = pre-morbid handedness according to self-report; LQ = laterality quotient in % (Oldfield, 1971); AAT = Aachen Aphasia Test (Huber

et al.,, 1984); TT = percentile rank of Token Test; NAM = overall naming test in AAT in percentile rank; SEM = rating of semi-standardized spontaneous speech in the AAT regarding ‘semantic

structure’, with 0 being the worst performance and 5 indicating uncompromised speech [0—5]; LEMO = German test battery based on the Logogen model (Stadie et al., 2013); SYNON = % correct of test

for synonym judgement subtest of the LEMO test battery; yrs. = years; m/f = male/female; R/L = right/left; % rank = percentile rank; % corr. = percentage of correct responses; isch = ischemic stroke;

ICH = intracerebral hemorrhage; av = average across each group; SD = standard deviation within each group.
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subtypes were diagnosed: amnestic (n = 6), Broca (n = 2),
Wernicke (n = 1), conduction (n = 1), transcortical-motor
(n = 1), and residual (n = 6). Three participants showed “non-
classifiable” aphasia. Participants with severe or progressive
cognitive impairments, apraxia, or depressive symptoms
were excluded. Table 1 provides ratings for the dimension
“Semantics” (SEMaar), additional measures of the AAT (Token
Test [TTaar] and the subtest “Naming” [NAMaat]), and the
LMEO test battery (Stadie et al., 2013). In all PWA, imaging for
lesion delineation was available: 18 PWA had a high-
resolution MRI from the in-house 3T-scanners (T1 mprage
1 mm? iso-voxel, FLAIR, 1*1*5 mm). For the other two PWA, a
clinical MRI or CT with a lower resolution was available. The
lesion overlay is shown in Fig. 3A.

Control participants did not report any neurological or
psychiatric disorders that could affect cognitive or linguistic
abilities. All participants were native German speakers and
indicated (corrected-to-)normal vision. They gave their
informed consent and were financially rewarded after each
session. The experimental procedures were approved by the
Institutional Review Board of the University of Leipzig, Ger-
many (ethical approval 144/18-ek), in accordance with the
Declaration of Helsinki.

2.2.  Material and design

The material, design, and procedure were largely identical to a
previous web-based experiment with young (18—35 years)
neurotypical participants (Stark et al., 2022). To respect the
needs of the PWA (i) two self-paced pauses were allowed mid-
task (after 60 trials each), (ii) the stimulus presentation dura-
tion was increased from 2000 ms to 3000 ms, and (iii) the in-
structions were linguistically simplified to avoid patient
frustration and misunderstanding. In the previous study,
neurotypical young participants showed robust cumulative
semantic interference in a single session testing, comparable
to lab-based effects (Stark et al., 2022).

The continuous naming task included 120 colored target
photographs of everyday objects from 24 narrow semantic
categories, along with 40 semantically unrelated fillers (see
supplementary material for complete list). Each semantic
category thus consisted of 5 members (e.g.,, ‘duck’, ‘owl’,
‘swan’, ‘ostrich’, ‘pigeon’ for the category birds). The stimulus
order was pseudo-randomized so that (i) members of the
same semantic category were separated by two to eight items,
either from other semantic categories or fillers, (ii) the order
within each category was randomized across participants and
sessions, and (iii) categories sharing the same superordinate
category (e.g., food: vegetables and fruits) were spaced as far
apart as possible (program MIX; Van Casteren & Davis, 2006;
see also Stark et al., 2022). This setup allowed the CSI to be
assessed over blocks of 20 items, minimizing the influence of
linguistic features (e.g., word frequency) and fatigue.

! The AAT yields ‘non-classifiable’ when the classifier does not
arrive at any of the four standard syndromes (global, Broca,
Wernicke, amnestic) or the two non-standard syndromes (con-
duction, transcortical). ‘Residual aphasia’ is diagnosed when
there are clear deficits in one of the dimensions, while the overall
profile yields no/residual aphasia.

2.3. Procedure

The PWA and the control participants completed the experi-
ment three times within one week (days: d1, d2, and d8). While
the procedures and stimuli were identical across sessions, the
stimulus order for a given participant differed across days.?
The experiment was programmed in SoSciSurvey (Leiner,
2019) and audio-recording was implemented using
RecordRTC.js (Khan, 2020). Participants completed the exper-
iment on a private computer while being in contact with the
experimenter via telephone throughout the session. After
welcoming the participant, the experimenter provided sup-
port whenever necessary during the experiment and
remained quiet otherwise. Support was provided, for
example, by helping the participant open the experiment link,
by reading aloud the experimental instructions, or by clari-
fying the instructions during familiarization. PWA mostly
needed assistance during the first session only. However, the
experimenter remained available throughout all sessions and
for all participants. When participants were still treated at the
clinic or did not possess a private computer or laptop (n =12 in
the PWA group), the scenario was modeled, by using a sepa-
rate room in the clinic, in which the participant entered the
web-based experiment. The majority of participants (37/40)
used the same setup across all sessions, with only few ex-
ceptions involving minor changes in screen size (n = 1),
browser (n = 1), or device (n = 1).

During the experiment, participants were first familiarized
with the general procedure and the materials. The familiar-
ization was followed by an attention check consisting of two
familiarized and two novel items that had to be judged
regarding their novelty. This was used for later assessment of
data quality. After four practice trials, the main task started.
Each trial started with a fixation cross presented for 500 ms,
followed by the target picture presented for 3 s, after which
the next trial started automatically. Participants were
instructed to name each picture as fast and as accurately as
possible. The experiment ended after 160 trials (120
targets + 40 fillers) with another attention check and the
debriefing. The attention checks were implemented to eval-
uate data quality, and performance in these checks or in the
familiarization did not impact the test procedure. One
experimental session lasted about 35 min on average for the
PWA group and about 23 min for the control group.

2.4. Data processing

Voice onset times (VOTs) were defined as the start of each
(target) word, excluding stuttering and articles (e.g., when
participants uttered ‘eh, eh, eh, tiger’ or ‘the tiger’, the /t/
sound of tiger was used for VOT onset). VOTs were auto-
matically detected from the trial-based audio files using
Chronset (Roux et al., 2017). The correctness of the detected
VOTs was then checked and, if necessary, manually

2 Due to a technical error, one participant had the same stim-
ulus order on day 1 and 2 and had his third session on day 9;
another participant was tested on day 3 instead of day 2. The
results remained identical when these participants were
excluded from data analyses.
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Table 2 — Response classification in the PWA and control group (CG): 5,518 (PWA) vs 6,937 (CG) responses considered as
correct were used for VOT analyses and 1,541 (PWA) vs 167 (CG) responses were classified as errors.

Session Correct Incorrect technical/invalid
corr. altern. phon. [<25%] w/arti. NR phon. [>25%] sem. sup. unrel. neo. partial (thereof corr.)

example: ‘couch’ ‘sofa’ ‘coch’ ‘the couch’ - ‘cautch’ ‘chair’ ‘furniture’ ‘bug’ ‘sitty’ ‘¢’

People with Aphasia

d1 1,443 182 31 67 339 20 79 29 28 12 102 68 (54)

d2 1,648 162 36 18 265 20 73 41 18 10 79 30 (28)

ds 1,665 158 40 68 216 16 58 32 26 7 71 43 (37)

Control group

d1 1,917 291 2 66 14 - 28 23 2 - 10 47 (8)

d2 2,095 209 6 2 10 1 28 6 2 3 7 31 (4)

ds 2,133 205 9 2 7 = 16 6 3 = 1 18 (3)

Note. Corr. = correct; altern. = accepted alternative responses (see Appendix); phon. = phonematic paraphasia. Answers with <25% of the word
being affected were considered as correct, answers with >25% of the word being affected were considered as incorrect (phon. [>25%]);
w/arti. = article was articulated before word, but word onset was used for VOT detection; NR = no response was given within 3 s;
sem. = semantic paraphasia.; sup. = superordinate word or category named; unrel. = unrelated word; neo. = neologism; partial = partial
naming, i.e., correct beginning of the target name was uttered, but the recording ended before 25% of the word were pronounced;
technical = technical errors such as missing recordings; thereof corr. = thereof correct, i.e., invalid VOT detection, but correct response. Only
correct responses were considered for VOT analyses. For error analyses, correct and incorrect responses plus technical errors with correct

responses were considered. d1, d2, d8 = day 1, day2, day 8.

corrected and errors were classified using Praat software
(Boersma & Weenink, 2020; van Scherpenberg et al., 2020).
The error classification was based on Best et al. (2005) and is
summarized in Table 2. A detailed overview of error type by
ordinal position is provided in the (Appendix Table B1). Of
the overall 14,400 experimental trials, 1,708 were excluded
due to errors on the participant side, 134 due to invalid VOT
detection (delayed naming of the previous item obscuring the
response), and 103 due to technical errors. Thus, statistical
analyses of VOTs were based on 12,455 responses considered
correct (5,518 for PWA only). Exploratory analyses of error
rates were based on 14,297 correct and erroneous observa-
tions (7,178 for PWA only).

2.5. Statistical analyses

2.5.1. Behavioral analyses
The CSI effect is defined as the increase in response time (VOT)
or errors with each additional member of a semantic category
presented (referred to as ‘ordinal position’ 1-5 in this paper).
Beyond a replication of the CSI effect in the web-based setting
(main effect of ordinal position), we were interested in whether
the factors session (dayl vs day2 vs day8) and group (Control
group vs PWA) influenced the CSI (i.e., interaction effect with
ordinal position), independent of session- or group-specific
increases or decreases in VOTs or error rates (main effects).
We conducted separate (generalized) linear mixed model
(LMM) analyses for VOTs and errors using the package Ime4
(REML criterion using optimizer “bobyqa”; v1.1-35.1; Bates
et al,, 2015) in R (v4.3.1; R Core Team, 2020). VOTs were log-
transformed as suggested by a boxcox-test to account for
their non-normal distribution.? The predictor ordinal position,

3 Because standard errors were extremely small when a
generalized linear mixed model with a gamma distribution was
fitted, suggesting overfitting, we deviated from our pre-registered
analyses by fitting a linear mixed model and transforming the
VOT data toward a normal distribution.

indicating the order of presentation of an item within its se-
mantic category, was entered to the model as a continuous,
mean-centered predictor ranging from -2 to 2 (i.e., 5 levels).
Accordingly, a positive B; estimate indicates a linear increase
in VOTs by ordinal position. The predictors session and group
were coded as factors with centered, orthogonal contrasts
such that the intercept is the grand mean (i.e., the estimate Bo
indicates the mean VOT/error rate across all conditions), and
day 2 and 8 are both compared to the session on day 1 (esti-
mates B, = pap-pa1 and Bs = pag-pa1, d = day; positive estimates
thus reflect longer latencies/more errors on day 2 and 8), and
the PWA group is compared to the control group (estimate
B, = Mpwa-Hcontrol; POSitive estimates reflect longer latencies/
more errors in the PWA; see Schad et al., 2020).

Initially, a structure with fully crossed random effects
was adopted (Baayen et al., 2008; Barr et al., 2013), which
was then gradually reduced by dropping random effects
with variances close to zero. Previously, the number of
optimizer iterations was increased to 2¢10°, as suggested by
Brauer and Curtin (2018). The VOT-model converged with a
random intercept and random slopes for ordinal position
and session by subject and a random intercept and slopes
for ordinal position and group by category. The same pro-
cedure was taken for exploratory analyses of error rates
using a GLMM with a Binomial distribution. The error model
converged with a random intercept and slope for ordinal
position by subject and a random intercept and slope for
group by category.

Since participants in the control group made few errors, we
performed an additional analysis with error rates of the PWA
group only. This model converged with a random intercept
and slope for ordinal position by subject and a random
intercept by category. P-values were estimated using the Sat-
terthwaite approximation for VOT analyses (lmerTest pack-
age, v3.1-3; Kuznetsova et al., 2017) and calculated using the
Wald Z-statistics for error rates. A family-wise error rate of « =
.05 was adopted for all tests. Anonymized data and scripts are
provided on the OSF: https://osf.io/gbnvw/.
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2.5.2. Exploratory covariate analyses

To assess whether our results were influenced by severity
and/or chronicity of the aphasic syndrome, we conducted
exploratory analyses on the relationship of clinical outcome
measures with ordinal position and session on VOTs and er-
rors in the PWA group. These clinical outcome measures
included (1) the Token-Test (TT#4T, z-transformed percentile
ranks), (2) the overall naming (NAM“4T, z-transformed
percentile ranks), and (3) the rating of semantic structure in
the spontaneous-speech (SEM#4T, score [0-5]). These mea-
sures are all subscores from the Aachen Aphasia Test (AAT;
Huber et al., 1984). (4) From the LEMO battery (Stadie et al,,
2013) the subtest requiring synonym judgment on word
pairs with a semantic distractor (SYNON"*™®, sum score) was
included. Finally, (5) the months since onset of the lesion
(MPO) and (6) the lesion size (SIZE'*S; see below) were used. To
determine which of these measures explained significant
variance beyond ordinal position and session while avoiding
convergence issues, we adopted a stepwise procedure. We
first included each measure individually as a continuous,
mean-centered predictor to base models predicting VOTs and
errors in the PWA group. The base VOT-model was
log(VOT) ~ ordinal position*session + (1+ordinal
position + session | subject) + (1| category) and the base error-
model was Error ~ ordinal position*session + (1+ordinal po-
sition | subject) + (1 | category). We then performed likelihood
ratio tests comparing each covariate model to its respective
base model to determine which measures significantly
improved the model fit (see Appendix, Table D1 for a summary
of comparisons). Finally, all covariates significantly improving
the model fit were included in comprehensive models along-
side ordinal position and session for VOTs and errors sepa-
rately. The random structure was determined for the base
models using the same procedure as for the main analyses
and was kept consistent across covariate and comprehensive
models.

2.5.3. Lesion behavior analysis

The lesion-behavior analysis was performed based on MRI
(n =19) and CT (n = 1) images of the PWA group. Using MRI-
cron (Rorden & Brett, 2000), lesions were manually delineated
on each slice of the T1-images (FLAIR as reference) and the CT-
images. The resulting lesion masks were then projected into
the standard stereotactic space (MNI) by the ‘clinical toolbox’
(www.nitrc.org/projects/clinicaltbx/) in SPM12 (fil.ion.ucl.ac.
uk/spm). The unified segmentation approach was applied
(Ashburner & Friston, 2005) and estimation of normalization
parameters was restricted to healthy tissue (Brett et al., 2001).
Correlation analysis between behavior and lesion pattern was
performed using a multivariate approach with support-
vector-regression (Zhang et al., 2014; as implemented in the
SVR- LSM toolbox, DeMarco & Turkeltaub, 2018). The multi-
variate approach takes inter-voxel-correlation into account
and estimates the lesion-symptom map at all voxels simul-
taneously in a single model. To that end, all voxels significant
at p < .005 were identified. These were then entered in a
permutation-based-corrected cluster-level analysis. We
assessed the stability of the approach by using the software
vlsm2 (Bates et al., 2003), which showed qualitatively identical

results. In all analyses only voxels lesioned in > 10% of par-
ticipants (i.e., > 3 participants) were included in the analyses.
Lesion size, age, and MPO were entered as covariates to factor
out these unspecific effects. For lesion size, we used the
diameter of a sphere corresponding in volume to the lesion
(‘DiaS’).” Since plasticity related changes are more likely in the
early chronic stage and become less likely with increasing
chronicity, MPO were log-transformed. The analyses were
performed for three parameters: (i) mean VOT across all trials
(10g10VOT), (ii) mean cumulative semantic interference effect
across all sessions (CSI effect), and (iii) changes in mean VOT
from day 1 to day 2. Since lesions may increase but potentially
also decrease the CSI effect, analyses were performed in both
directions (‘high values good’ and ‘high values bad’ in the
terminology of the SVR-LSM toolbox).

3. Results
3.1.  Voice onset time (VOT)

The mean VOTs (response times) for the 5 ordinal positions
and three days are shown in Fig. 1 for PWA (1A) and the control
group (1B). Both groups exhibited a linear VOT increase by
ordinal position, with an average increase of 21.08 ms
(SE = 5.20) and plateaus at ordinal positions 2 or 4 (main
effect of ordinal position p < .001; see Table 3 for statistical
results).

Without accounting for dependencies between data
points, the effect appeared larger in the PWA group. How-
ever, after controlling for these dependencies (summar-
ySEwithin(.)-function; Morey, 2008), the effect was similar
in both groups, although the PWA showed greater variance
(PWA: Mgay1 = 16.77 ms, SEgay1 = 23.70, Mgay> = 23.61 ms,
19.07, Mgays = 22.19 ms, 18.30;
Controls: Mgay; = 20.18 ms, SEgay1 = 14.15, Mgay, = 20.34 ms,
SEday2 = 11.85, Maays = 22.63 ms, SEgays — 10.93). Hence, the
ordinal position effect did not differ significantly between
groups (interaction ordinal position x group p < .134).

VOTs were shorter on days 2 and 8 compared to day 1
(main effects session ps < .001) and PWA, overall, were about
173 ms slower than controls (PWA: M = 1352.93; SE = 7.16;
Controls: M = 1179.71, SE = 4.24; main effect group p = .013).
The difference in VOT reduction between sessions did not
differ significantly between groups (PWA group: day 2 vs
dayl = 121.23 ms, day 8 vs day 1 = 136.20 ms; control group:
day2 vs dayl = 86.21 ms and day8 vs dayl = 105.4 ms; in-
teractions session x group ps > .246). Moreover, the linear
increase by ordinal position did not differ significantly over
time (interactions ordinal position x session (x group) > .090).

SEdayZ = SEdayS =

* Since damage to a specific cortical area and underlying white
matter are common, especially in vascular lesions, the effect of
the lesion volume is not linearly additive. Therefore, we use the
diameter of a sphere corresponding to the volume. Moreover, the
more commonly used total volume size in cm? is strongly skewed
across the 20 participants, whereas ‘DiaS’ shows normal
distribution.
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Fig. 1 — Mean naming latencies (VOTs) in milliseconds (ms) as a function of ordinal position and session for people with
aphasia (PWA; A) and the control group (B). Participants were tested on days 1, 2, and 8 with the same experimental stimuli,
presented in different orders. Mean VOTs were calculated across participants and semantic categories. Error bars show
standard errors of the mean and are adjusted for within-participant designs (method by Morey, 2008; as implemented in
summarySEwithin( ) function in R package Rmisc, v1.5.1, Hope, 2013).

Table 3 — Ordinal position (ord.pos.), session, and group have independent influences on log-transformed voice onset times
(VOTs), as shown by a linear mixed effects regression model (LMM).

Model: log(VOT) ~ ord.pos.*session*group + (ord.pos.+session | subject) + (ord.pos.+group | category)

Effect Estimate SE t p
Intercept 7.12 .04 199.9 <.001
Fixed main effect
Ord.pos. (continuous) .02 <.01 6.80 <.001
Session (d2-d1) —-.08 .01 —-7.01 <.001
Session (d8-d1) —-.09 .01 -7.72 <.001
Group (PWA-Control) .16 .06 2.62 .013
Fixed interaction
Ord.pos. x session (d2-d1) <.01 <.01 1.18 .238
Ord.pos. x session (d8-d1) <.01 <.01 .94 .349
Ord.pos. x group .01 <.01 1.53 134
Session (d2-d1) x group —.03 .02 -1.18 .246
Session (d8-d1) x group -.02 .02 —.87 .391
Ord.pos x session (d2-d1) x group .01 .01 1.70 .090
Ord.pos x session (d8-d1) x group <.01 .01 40 .691
Random effects
Effect Variance SD Correlation
By-subject random effects
Intercept .04 .19
Ord.pos. <.01 .01 .18
Session (d2-d1) <.01 .06 —-.13 .24
Session (d3-d1) <.01 .06 —.49 .26 .64
By-category random effects
Intercept .01 .09
Ord.pos. <.01 <.01 .07
Group (PWA-control) <.01 .03 .08 .16
Residual .06 .25
Model fit
R? Marginal Conditional
.07 47

Note. Number of participants = 40; number of categories = 24; total N = 12,455; SE: standard error. Ordinal position (ord.pos.) is entered to the
model as a mean-centered continuous predictor; factors session and group are contrast coded such that days 2 and 8 are each compared to day 1
(d2-d1 and d8-d1) and that the PWA group is compared to the control group, the intercept being the grand mean. p values are estimated using the
Satterthwaite approximation. Relevant p-values <.05 are shown in bold. R? was retrieved with the R-package performance (v0.10.4; Liidecke et al.,

2021).
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Fig. 2 — Mean error rates in percent as a function of ordinal
position and session for people with aphasia (PWA) and
the control group. Participants were tested on days 1, 2,
and 8 with the same experimental stimuli, presented in
different orders. Error rates describe all production errors,
including paraphasia, replacements, neologisms, and null
reactions, but no technical errors. Mean error rates were
calculated across participants and semantic categories.
Error bars show standard errors of the mean, adjusted for
within-participant designs (method by Morey, 2008; as
implemented in summarySEwithin() function in R package
Rmisc, v1.5.1, Hope, 2013).

Data for each participant and each category are provided in
the Appendix.

3.2. Error rates

We found a similar pattern in our exploratory analyses of
error rates. As shown in Fig. 2, participants from both groups
made fewer errors on days 2 and 8 when compared to day 1
(log-odds = —.36, Z = —3.68, p < .001 and log-odds = —.80,
Z=-7.17,p < .001), PWA made more errors than controls (log-
odds =2.88,Z =6.47,p < .001), and the linear increase in errors
by ordinal position was a trend (log-odds = .07, Z = 1.60, p =
.109). Again, there was no interaction between ordinal posi-
tion, session, and group (all ps > .362).

Since error rates were rare in the control group (2.32 %
across sessions), we additionally performed an analysis selec-
tively on the PWA data (Table 4). In this analysis the ordinal
position effect reached significance, indicating that PWA made
more errors on the last than on the first ordinal positions (1-2%
more errors per ordinal position, SE = 1.2—1.4 %, depending on
the session; p = .049). Overall error rate decreased from day 1 to
days 2 and 8 (day 2 vs day 1: decrease of errors by 4.61 %; day 8 us
day 1: decrease of errors by 7.85 %; ps < .001).

3.3. Effects of adding covariates to the model
When clinical outcome measures were added separately as

covariates and compared to the base VOT model in PWA, only
the token test and overall naming (TT**T and NAMA*AT)

Table 4 — Ordinal position (ord.pos.) and session have independent influences on error rates in the PWA group, as shown by
a generalized linear mixed effects regression model (GLMM) with a Binomial distribution.

Model: Error ~ ord.pos.*session + (ord.pos. | subject) + (1 | category)

Effect Log-Odds SE Z p
Intercept -1.86 .36 -5.19 <.001
Fixed main effect
Ord.pos. (continuous) .08 .04 1.97 .049
Session (d2-d1) -.39 .08 —4.64 <.001
Session (d8-d1) -71 .09 —8.06 <.001
Fixed interaction
Ord.pos. x session (d2-d1) —.05 .06 -.78 436
Ord.pos. x session (d8-d1) —.04 .06 —.67 .501
Random effects
Effect Variance SD Correlation
By-subject random effects
Intercept 2.25 .59
Ord.pos. .02 1.50 .34
By-category random effects
Intercept .35 .59
Model fit
R? Marginal Conditional
.02 45

Note. Number of participants = 20; number of categories = 24; total N = 7,178; SE: standard error. Ordinal position (ord.pos.) is entered to the
model as a mean-centered continuous predictor; the factor session is contrast coded such that days 2 and 8 are each compared to day 1 (d2-d1
and d8-d1), the intercept being the grand mean. P-values are estimated using the Wald Z-values. Relevant p-values < .05 are shown in bold. R?
was retrieved with the R-package performance (v0.10.4; Liidecke et al., 2021).
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explained additional variance in the data, as indicated by
significant likelihood ratio tests, Xrr aaT(6) = 13.00, p = .043
and Xnam aaT(6) = 13.61, p = .034. The other measures,
including SEM*AT (p = .068), SYNON"™® (p = ,096), MPO (p =
.415), and SIZE'S (p = .522), did not explain additional vari-
ance. To assess the combined impact, TT**T, NAM#4T, and
their interaction were then included in one comprehensive
model, along with the predictors ordinal position and session
and the random structure from the base PWA model (see
Appendix D for an overview of all models and comparisons).
In this comprehensive model, the main effects of ordinal po-
sition and session remained unaffected (all ps < .003). Un-
surprisingly, better overall naming skills in the NAMAAT
associated with faster VOTs in the experimental paradigm
(b = —.20, SE = .09, p = .044). Other main effects/interactions
were not significant, suggesting that the observed increase in
VOTs by ordinal position and the decrease across sessions
were independent from symptom severity as measured by the
test scores. However, caution is warranted when interpreting
these results, since 85 % of our PWA group had NAM#4T scores
in the upper 25 percentiles (see Table 1).

For error rates, models that included the token test (TT*47),
the overall naming (NAM#4T), the semantic structure of the
spontaneous speech (SEM*T), or the lesion size (SIZE'S)
explained significantly more variance than the base model
without covariates, as indicated by significant likelihood ratio
tests, Xrr aat(6) = 22.21, p = .001; Xnam aat(6) = 30.17, p < .001;
Xsem aat(6) = 12.75, p = .047, Xsize 1es(6) = 14.75, p = .022, but
models including synonym judgement (SYNON"MO; p = .226)
and MPO (p = .331) did not. The comprehensive model
including TT#*T, the NAMA4T, SEM*4T, and SIZE'®S along with
ordinal position and session (but without interaction between
the covariates to avoid convergence problems) replicated the
overall results (see Appendix D for summaries of all compar-
isons and models): Error rates increased with ordinal position
and decreased from day 1 to days 2 and 8. Moreover, PWA with
higher NAMA4T scores made less errors than PWA with lower
scores (Log-Odds = —1.13, SE = .40, p =.005). Notably, PWA
with better spontaneous speech in the SEM*T exhibited a
stronger CSI effect in errors, while those with poorer sponta-
neous speech had consistently high error rates across all
ordinal positions (SEM#4T x ordinal position: Log-Odds = .09,
SE = .05, p = .048; see Figure D1 in Appendix for visualizations

were

of significant interactions). Additionally, the ordinal position
effect differed between PWA with lower versus higher scores
in the Naming test only between days 1 and 8 (interactions
ordinal position x session(day8-1) x NAMA#4T: Log-Odds = .29,
SE = .11, p =.008), but not between days 2 and 1 (p = .160).
Specifically, participants with lower Naming test scores (and
overall, more errors) showed a particularly strong CSI effect on
day 1, which decreased across sessions until, on day 8, it did
not differ any more to that of PWA with higher scores. Finally,
the CSI varied with performance in the TT#4T only on day 8 (us
day 1; interaction ordinal position x session(day8-1) x TT#AT:
Log-Odds = —.22, SE = .11, p = .046). Specifically, on day 8,
participants with lower TT#AT scores exhibited a stronger CSI
effect compared to those with higher scores. Again, due to
ceiling effects in the test scores (see Table 1), these results
need to be interpreted with caution.

3.4. Exploratory lesion-behavior analysis

The multivariate lesion-behaviour analysis yielded separate
clusters for the overall naming latency and the size of the CSI
effect. This underlines that magnitude of the CSI and overall
naming speed are not caused solely by overall impairment
and symptom severity in the PWA group. Results of the ana-
lyses are provided in Table 5, including peak and centre
location, and the corresponding anatomical regions according
to the Harvard Oxford atlas (https://nilearn.github.io/dev/
modules/description/harvard_oxford.html). Correlating log-
transformed mean voice onset time (j,g10mVOT) with lesion
site suggests that lesions in the middle occipital gyrus, parts of
the supramarginal gyrus (SMG), and neighbouring parts of the
inferior parietal lobe (IPL) increase naming latency (red vol-
umes in Fig. 3B; log(VOT) 1). The cluster in the middle occipital
gyrus was just above the typical threshold (p = .051) while the
more anterior cluster (SMG and IPL) only reached the level of a
trend (p = .093). A second analysis used the variability in size
of the CSI. This analysis suggests that lesions in a large cluster
extending from the middle frontal gyrus to inferior parietal
areas including parts of the pre- and post-central gyrus and
the opercular cortex led to a larger CSI effect (blue volume in
Fig. 3B). It means that participants with lesions in these areas
showed a larger increase in VOTs with ordinal position. The
cluster was significant with p < .001 after correction at the

Table 5 — Statistical results from the lesion-behavior analyses at the cluster level.

cluster peak center
p size/cm? X y z region X y z region
VOT 1 (a) .051 45 —-36 -68 11 lat.occip.™f -33 -80 12 lat.occip.s"P
VOT 1 (b) .093 2.3 —60 -37 48 SMG™™* —50 —43 40 SMGPest
CSI 1 <.001 22.0 —49 -8 17 centoperc. —34 -25 40 post.cent.

Note. The statistics and the peak as well as centre are provided in MNI space. “Peak” refers to the location with the maximal statistical power,
while “centre” is the geometrical centre of the overall cluster. x,y,z, region = MNI-coordinates. “region” is provided according to the Harvard
Oxford atlas (https://nilearn.github.io/dev/modules/description/harvard_oxford.html). VOT 1 (a)/(b) = denote the two clusters in which a lesion
correlates with an increase in voice onset time; CSI t = denotes the large cluster in which a lesion correlates with an increase in CSI effect;

inf

lat.occip.
part of the inferior parietal lobe (IPL);

cent

and lat.occip.®"P = lateral occipital gyrus inferior/superior; SMG®™* and SMGP°®* = anterior/posterior supramarginal gyrus as a
operc. = central opercular region; post.cent. = posterior central gyrus.
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Fig. 3 — Lesion analysis. Panel A shows the overall lesion distribution of all 20 participants. Left: Colored areas denote that at
least one participant had a lesion in the respective voxel. Yellow indicates that lesions of > 3 participants overlapped in the
area; this is the area which was analyzed. Red and orange colors indicate areas in which 1 or 2 participants had lesions.
Right: Depicts the same data, but on a different scale. Here, the color code indicates lesion overlap in 1 (red) to 11 (yellow)
participants. The maximal overlap (n = 11) was in the insular region. Panel B presents the results of the lesion-behavior
analysis. For better visibility, two different angles and a tomographic representation of the same data are provided. Red
volumes: lesions in this volume correlated with slower overall reaction times (o¢10VOT in ms, p < .005 at voxel-level,

p < .1 at cluster-correction-level). Blue volume: participants who were lesioned in this volume showed a larger CSI effect
(p < .005 at voxel-level, p < .05 at cluster-correction-level). IPL = inferior parietal lobe; SMG = supramarginal gyrus.

cluster level. No clusters correlated with smaller CSI effects.
Neither did the decrease in VOT from day one to two corre-
late with any specific lesion site.

4, Discussion

Investigating the cumulative semantic interference (CSI) ef-
fect over repetitive testing in a web-based continuous naming
experiment, we show that this paradigm is feasible in people
with an acquired lesion in the language network, leading to
mild-moderate aphasia (PWA). This is remarkable since the
effect rests not only on error-counting but also on subtle re-
action time differences. With initial remote support, partici-
pants showed sufficient skills to manage the web-based
setting and adhered well to the study protocol with tests on
three days over one week. PWA showed a robust CSI effect in

naming latencies, which did not statistically differ from the
matched neurotypical controls. The CSI effect in naming la-
tencies was of similar size in both groups and compared to
previous studies, suggesting overall similar inhibitory effects
during lexical selection. In the PWA group, latency effects
were more variable and were mirrored by an increase in error
rates, demonstrating relatively strong interference for this
group that not only resulted in slower naming of correct target
names, but also caused more errors during lexical selection. In
line with the majority of continuous naming studies with
neurotypical adults, we found no effects of ordinal position in
error rates of the control group (e.g., Howard et al., 2006; Rose
& Abdel Rahman, 2017; Schnur, 2014). Because the increase in
naming latencies and error rates does not indicate a speed-
accuracy tradeoff, we take this pattern to be due to an
enhanced vulnerability of lexical-semantic processing in PWA
compared to the control group.
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Moreover, the CSI effect was unaffected by repeated
exposure to the task and material, suggesting that the CSI
effect dissipates until the next experimental session. The
overall decrease in naming latencies especially from day 1 to
day 2 did not alter the CSI effect. This overall decrease in
naming latency likely indicates unspecific and overall task
familiarization effects. Confirming the versatility of the web-
based procedure to monitor semantic context effects, an
exploratory lesion-behavior-analysis indicated that overall
naming latencies and the magnitude of the CSI effect corre-
lated with lesions in different brain regions. In line with pre-
vious reports in lesion-site dependent variable semantic
context effects in PWA (Nappo et al., 2022; Pino et al., 2022), the
results highlight the relevance of subtle diagnostic tools to
find optimal training strategies. To our knowledge, this is the
first study to investigate the CSI effect under repetitive
confrontation with the same paradigm and material.

4.1. Robust CSI can be demonstrated web-based in PWA
when technical support is provided

When PWA named different members of close semantic cat-
egories (e.g., category ‘fish’: ‘eel’/‘dolphin’/‘goldfish’/‘shark’/
‘ray’), their naming latencies increased by about 21 ms on
average with each additional member being named. Similar to
previous work, this effect was elicited with category members
being separated by two to eight unrelated items (see also
Schnur, 2014). The effect was paralleled in a linear increase in
error rates by about 6—7 errors per ordinal position. Most er-
rors were omissions, which leaves open the question whether
strongly increased response times may have led to these time-
out errors. There was, however, an increase across error types,
including semantic errors. The findings complement previous
research that established interference effects in PWA (e.g,
Belke & Stielow, 2013; Biegler et al., 2008; Piai & Knight, 2018;
Pino et al., 2022; Ries et al., 2015; Schnur et al., 2006; Scott &
Wilshire, 2010). Albeit evidence for the CN-paradigm is rare,
the few available studies report roughly similar effect sizes of
16—21 ms in latencies (but 69 ms in preprint by Lorenz et al,,
2021; Nappo et al., 2022; Ries et al., 2015) and .5-8% in errors
(Harvey et al., 2019; Nappo et al., 2022). Like in the present
data, the size of the effect varied greatly between participants
(Nappo et al., 2022).

These data, to our knowledge, present the first web-based
reaction time sensitive investigation in PWA (Stark et al.,
2022; Vogt et al., 2022 for evidence on young, healthy partici-
pants), presenting unique challenges, such as higher frustra-
tion susceptibility, which might negatively affect response
times and study adherence. Through careful pre-selection of
PWA and controls, natural to clinical studies, and telephone
support to address task- and technique-related frustration, we
achieved high adherence to the task and possibly reduced the
risk of distraction in the web-based design (Biirki & Vasishth,
2024). This approach may also help to mitigate issues of social
isolation common in PWA (Cruice et al., 2006, 2021; Kurland
et al,, 2018). One key takeaway from the current study is
that, with minor adaptations to established protocols (Stark
et al,, 2022) and a slightly increased involvement of the
experimenter, web-based settings can help bridge the
research gap on outpatient PWA. However, due to the large

variability in PWA data, laboratory-based studies may be
needed for identifying relevant subgroups.

4.2.  The CSI effect is stable over repetitive testing

Although overall naming latencies and error rates decreased
from day 1 to day 2 (101 ms) and from day 1 to day 8 (119 ms),
the CSI effect in both groups remained largely unaffected by
the repeated testing (on average: 21 ms). The overall increase
in naming speed may result from several factors including
general familiarization with the experimental procedure and
the material, including picture recognition. The stability
across the 2nd and 3rd test session suggests such unspecific
effects.

Regarding the stability of the CSI effect over repetitive
testing, we demonstrate that the mechanism underlying the
effect does not outlast retesting on the consecutive day or
after a week. This speaks for a ‘decay’ of the effect, as has been
demonstrated for long lags between members of a category (>
8 intervening items; Schnur, 2014) and was also suggested by
Damian and Als (2005). Our design does not allow for more
concise predictions regarding the time course of the decay.
However, our results support the claim that models of the CSI
must integrate more complex mechanisms of fading
connection strengths in addition to persistent (Schnur, 2014),
experience driven adjustments of the connection strength
(incremental learning: Belke & Stielow, 2013; Howard et al,,
2006; Oppenheim et al., 2010).

Future studies may further investigate whether and how
training interventions alter the CSI effect. In this vein, an
interesting approach targets executive control of linguistic
production (Bruehl et al., 2023). The demonstration of a stable
CSI over consecutive testing, which can be assessed web-
based may be of relevance for further research of such inter-
vention schemes. The paradigm may not become a routine
clinical tool, but similarly to the blocked cyclic naming task, it
might be “a useful diagnostic tool in identifying and specifying
disorders of lexical access.” (Belke & Stielow, 2013, p. 2154).

4.3. PWA and control participants show similar
interference effects

Despite their presumed ‘noisy access’ (Harvey & Schnur, 2015)
to the mental lexicon, the here described average interference
effect in naming latencies in PWA was remarkably similar to
the control participants. The fact that the cumulative se-
mantic interference effect was statistically robust in PWA
although response times and error rates clearly decreased
across sessions implies that the CSI effect does not correlate
with the overall difficulties in word retrieval. Regarding the
large variability between PWA, ‘noisy access’ will not only
affect target words but also the categorical competitors lead-
ing to varying degrees of coactivation within the PWA group.
Hence, semantic paraphasia may result from (pathologically)
weak activation of the target and/or from (pathologically)
strong co-activation within the cohort. The net CSI effect must
be considered as the summation of different factors for each
PWA participant, including increased and decreased co-
activation. In fact, a seemingly paradoxical decrease in inter-
ference has been demonstrated for lesions in posterior
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temporal areas in a picture-word interference paradigm (Pino
et al., 2022) and the continuous naming paradigm (Nappo
et al., 2022). The latter study reports ‘paradoxical’ facilitation
(decrease in VOT with ordinal position) in some participants.
In the data presented here, the variance in the CSI trajectories
was considerably larger in the PWA compared to controls
(standard errors of ~20 vs 12 ms per session for raw data; see
figure in Appendix C). The variance is evidenced in the
random effects structure of the model. While some PWA
exhibited a particularly strong CSI effect, a few showed
inconsistent trajectories with a net CSI effect close to zero
(n = 2). The larger variability suggests that the CSI magnitude
in PWA results from an interplay between altered activation or
coactivation of the target lemma and its competitors, and/or
an altered inhibition-/selection-process.

Besides the surprisingly homogeneous latency effects in
the different cohorts, error rates speak for partial in-
terrelations between lexical retrieval difficulties and the CSI:
(i) PWA showed a steep increase in error rates by ordinal po-
sition, which was not seen in control participants, who had
very low error rates. Because null reactions significantly
increased with exposure of additional category members in
PWA only, the error-based CSI effect cannot be interpreted
fully independently from the latency-based CSI effect. If we
assume that at least some of the trials in which no response
was recorded within 3 s actually indicate extremely long
response times, the differences in the latency effects may be
underestimated. Indeed, some recordings contained only
partial naming responses and were hence considered as er-
rors. However, since only 2.6 % of PWA responses contained
partial recordings (i.e., participants started to name the target,
but the recording ended before they finished), extremely long
RTs alone are unlikely to account for the CSI effect in errors.
(i) The variability of naming latencies was larger in the PWA
than in the control group, as indicated by larger standard er-
rors and more diverse individual trajectories across sessions
(Appendix C). Thus, particularly strong or weak co-activation
of some cohort members may have led to strong interfer-
ence or facilitation effects, respectively (Abdel Rahman &
Melinger, 2019; Chen & Mirman, 2012; Nappo et al., 2022;
Pino et al., 2022). (iii) Covariate analyses additionally suggest
that PWA with more severe deficits (as judged by the AAT
including the Token Test) showed larger error-based CSI ef-
fects. Thus, rather than unaffected incremental learning, our
data suggest a more diverse effect in the PWA group that on
average led to similar effects in both groups.

4.4. Exploratory lesion behavior analyses suggests that
the interference effect and naming latencies correlate with
lesions in different brain regions

Proceeding from the finding of a larger variability in suscep-
tibility to semantic interference in PWA, we performed an
exploratory analysis correlating overall naming skills and the
size of the CSI with lesion site. We found that overall naming
skills and size of the CSI also dissociated regarding the area in
which lesions modulated the respective parameter. Patients
with lesions in a large cluster extending from the middle
frontal gyrus to inferior parietal areas and including parts of
the pre- and post—central gyrus and the opercular cortex

showed a larger CSI effect. Patients with lesions in the middle
occipital gyrus, parts of the supramarginal gyrus (SMG) and
parts of the inferior parietal lobe (IPL) showed higher mean
VOT. While these results are exploratory in nature, they
complement previous research that identified different lesion
patterns for overall naming effects, interference effects in the
picture-word interference task, and associative facilitation
(Pino et al., 2022), for interference in naming and compre-
hension (Harvey & Schnur, 2015), and for naming latencies as
well as error-proneness (Schnur et al., 2006). It is further in
line with research in uncompromised speakers, suggesting
that the CSI effect relies on functional connectivity in a gen-
eral cognitive control network (Canini et al., 2016) rather than
on the left IFG alone (Britt et al., 2016).

4.5. Implications for a framework of how semantic
context effects are altered in people with aphasia

Our results may be of note to the more general question of
how semantic context effects are altered in people with
aphasia. Previous studies in PWA using the paradigms of
blocked cyclic naming (Nappo et al., 2022; Python et al., 2023;
Schnur et al., 2006), picture word interference (Pino et al., 2022;
Python et al, 2018; van Scherpenberg et al, 2021), and
continuous naming (Harvey et al., 2019; Nappo et al., 2022)
converge on alterations due to both, altered activation of the
lemma in the mental lexicon and altered threshold setting for
the selection of competing lemmas (Anders et al., 2017).
Although studies agree that the lexicon is more sensitive to
(posterior) temporal lesions while threshold alterations are
mostly caused by lesions in the frontal language areas, both
processes interact. Therefore, the net-effect of an increase or
decrease in interference will depend on a complex interplay
between lesion-site, compensation strategy, and specific task
requirements. For the current study using a CN-paradigm, we
propose a framework sketched in Fig. 4. Besides lemma-
activation and -selection, the framework posits that alter-
ations in the incremental learning process (Oppenheim et al.,
2010) may be affected by lesions in the language network. We
may highlight that the high variability of CSI effects in our
PWA group and the dissociation of lesion correlates for the CSI
effect on the one hand and overall naming abilities on the
other hand should be considered but a first exploratory step
towards a better understanding of the correlations with
overall patholinguistic and lesion profile.

4.6. Perspectives and limitations

We show that traces of incremental co-activation of a se-
mantic category dissipate relatively fast (within one day) and
are not re-activated by repetitive exposure to the same stim-
ulus material. By contrast, overall naming latency decreases
with familiarization with the paradigm and material, espe-
cially in patients with aphasia.

When drawing conclusions from between session and be-
tween group effects in particular, possible confounds must be
considered, especially in web-based settings where technical
setups, study populations, and distractions may differ from
the typical highly controlled lab environment (e.g., Anwyl-
Irvine et al., 2021; Bridges et al., 2020; Biirki & Vasishth, 2024;
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Fig. 4 — (A) illustrates the assumed cognitive processes underlying the cumulative semantic interference (CSI) effect. left:
Featural similarities (F1-F5, e.g., ‘animal’, ‘has 4 legs’, ‘furry’ ...) within semantic categories (e.g., ‘pets’) lead to coactivation
of the corresponding lexical representations (lemmas); e.g., when lemma ‘dog’ is activated, ‘cat’ and ‘horse’ become co-
activated (features: ‘animal’, ‘has 4 legs’). right: coactivation eases lexical access but also increases competition for selection
of correct lemma (gray box represents lexical cohort). Each naming of a category member strengthens the connection
between conceptual representation —~ lemma, yielding stronger competition for the next category member to be named
with each new member (ordinal position). This makes selection more difficult, that is slower and more prone to error.

(B) sketches possible alterations of these processes due to acquired lesions in the language network. The left box illustrates
that ‘noisy access’ to the lemmas reduces overall naming speed and may decrease the activation difference between target
and non-target cohort members within the mental lexicon (affected by temporo-parietal lesions). Whether this increases or
decreases competition depends on the specific deficit profile. The center box illustrates that besides effects within the mental
lexicon, (dys)functional alterations of the threshold at which a lexical candidate's activation is sufficient to be selected
impacts on naming speed and accuracy. This process is assumed to depend on inferior frontal brain areas. The right box
highlights that the change in connection strength—essential for the buildup of the CSI—can also be altered. Verbal short-
term and working memory capacities may be relevant for the efficiency of the ‘incremental learning’ mechanism. Note that
all three factors sketched can lead to increases or decreases in the net CSI effect.

Mathot & March, 2021). In our study, the study population and differences alone contribute to group differences. Moreover,

home distractions should be relatively controlled given that
participants were pre-selected and supervised via telephone.
In previous studies, technical setups usually biased response
time not more than 10 ms (e.g., Anwyl-Irvine et al., 2021), but
are confounded with the group differences here. However,
given that 50 % of the PWA were tested in the clinic on similar
or identical setups,” but the variance in the data was still
smaller in the control group, it is unlikely that technical

® An overview of the hardware/software setups is provided as
supplementary material on the OSF.

exploratory analyses showed that test location (home or
clinic) did not affect ordinal position or session effects in the
PWA although the variance was somewhat reduced when
tested in the clinic. Although the large variability in our data
likely reflects real variations beyond technical artifacts, small
changes may have gone undetected.

While the observed interference effects were robust over
repetitive testing and between groups, we may point out that
participants suffered from mild to moderate aphasia, as indi-
cated by close-to-ceiling effects in some of the clinical outcome
measures. More severe aphasia may strongly increase the
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difficulties to partake in this or similar experimental para-
digms (Hart, 2017), especially in web-based setups. Regarding
the exploratory lesion analyses, the major limitation is the
small number of participants. Moreover, larger studies
addressing this issue may need to apply tools regarding the
network-connections rather than single hubs of the language-
network.

Interestingly, naming latencies did not increase (or even
decreased) for the fourth member of a category (ordinal posi-
tion 4). This as yet unexplained effect observed in both groups,
especially on day 1 is similar to reports in neurotypical in-
dividuals at ordinal positions 4 or 5 (Costa et al., 2009; Kuhlen &
Abdel Rahman, 2017; Rose & Abdel Rahman, 2016; Stark et al.,
2022). Tentatively, such a ‘saturation-effect’ might stem from
the fact that close semantic (ad-hoc) categories, such as
‘seating furniture’, typically have four to five members. This
would imply that after the 4th or 5th category—exemplar the
ad-hoc category is updated to a somewhat broader category.

5. Conclusion

People with lesions to the left-lateralized language-network
regularly experience deficits of lexical retrieval resulting in
slow and erroneous naming. Therefore, repetitive confronta-
tional namingis a common therapeutic focus in the attempt to
alleviate aphasic symptoms. The continuous naming (CN)
paradigm highlights that besides facilitatory effects of se-
mantic context, competition between cohort members in-
creases latency and errors, supplying insight into the structure
of the mentallexicon. To the best of our knowledge, the current
study is the first to investigate the stability of cumulative se-
mantic interference over repetitive testing over one week.
Moreover, we show that PWA can be tested in a web-based
setting repetitively and show a stable cumulative interfer-
ence effect. Despite the higher variability between individuals
in the PWA-group, the individual size of the effect was also
largely stable across sessions. Our results open the perspective
to test changes in the mental lexicon in response to an inter-
vention, usingthe CSIl as an indicator of enhanced or decreased
lexical interference. Web-based testing additionally allows for
long-term follow-up of patients without the logistical effort
often involved in transporting PWA with co-morbid physical
limitations to a research center or clinic. Extending more
psycholinguistic research to people with acquired language
disorders can enrich both current theories and therapeutic
interventions.
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