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Background: Implicit-statistical learning (ISL) research investigates whether domain-general mechanisms are
recruited in the linguistic processes that require manipulation of patterned regularities (e.g. syntax). Aphasia is a
language disorder caused by focal brain damage in the left fronto-temporal-parietal network. Research shows

;\gzizla that people with aphasia (PWA) with frontal lobe lesions manifest convergent deficits in syntax and ISL mech-
Syntax anisms. So far, ISL mechanisms in PWA with temporal or parietal lobe lesions have not been systematically
Grammar investigated.

Aims: We investigated two complementary hypotheses: 1) the anatomical hypothesis, that PWA with frontal
lesions display more severely impaired ISL abilities than PWA with posterior lesions and 2) the behavioural
hypothesis, that the magnitude of impairment in ISL mechanisms correlates to syntactic deficits in aphasia.
Methods: We tested 13 PWA, 5 with frontal lesions and 8 with posterior lesions, and 11 non-brain-damaged
controls on a visual statistical learning (VSL) task. In addition, all PWA completed several linguistic tasks. Re-
action times, obtained in the VSL task, were analyzed using linear mixed-effects model. Correlational statistics
were used to assess the relationship between VSL task performance and linguistic measures.

Results and Discussion: We did not find support for the anatomical hypothesis as patients with spared frontal
regions also manifested impaired ISL mechanisms. This is attributed to a) ISL mechanisms being vulnerable to
other cognitive dysfunctions and/or b) ISL mechanisms anatomically extending to the posterior brain regions.
Notably, ISL mechanisms were impaired, but not absent in aphasia. With regards to the behavioural hypothesis,
we provide empirical evidence of correlation between ISL mechanisms and syntactic, but not lexical impairment
in aphasia. We discuss both the theoretical contributions to the debate of domain-independence of ISL mecha-
nisms and clinical implications for implicit language therapy.

1. Introduction (SL), investigate how the domain-general capacity to process regularities

contributes to language acquisition and language processing (e.g.

Detection, encoding and exploitation of regularities in a given
environment is essential for the successful learning and use of many
skills (Conway and Pisoni, 2008). Language is a prominent example of
such a skill (Christiansen, 2018; Siegelman et al., 2017). Language is
comprised of units at multiple levels (e.g. phonemes, syllables, words,
phrases); these basic building blocks of language are assembled into
complex structures, which in turn can be defined in statistical and
probabilistic terms (Conway and Pissoni, 2008).

Two research traditions, Implicit learning (IL) and Statistical learning
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Erickson and Thiessen, 2015; Ettlinger et al., 2015; Dehaene and Cohen,
2007; Kepinska et al., 2017; van Witteloostuijn et al., 2019a). Recently,
it was proposed that the two traditions be referred to under the term
Implicit-statistical learning (ISL; Christiansen, 2018). It is believed that
domain-general ISL mechanisms are recruited in linguistic processes
that require manipulation of patterned regularities, the most prominent
example being syntactic processing (Udden et al., 2017). Behavioral
studies have shown that performance on ISL tasks and syntactic pro-
cessing are related in healthy adults (Conway et al., 2010; Daltrozzo
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et al., 2017; Misyak and Christiansen, 2012). In the same vein, neuro-
imaging research has yielded robust evidence to suggest that ISL
mechanisms activate anatomical regions which overlap with those
activated by syntactic processing, specifically in the left inferior frontal
gyrus (LIFG) in the frontal lobe (for general reviews see: Bapi et al.,
2005; Conway and Pisoni, 2008; Udden and Bahlmann, 2012, and for
experimental studies see: Karuza et al., 2013; Seger et al., 2000; Udden
et al., 2017).

Given this behavioral and anatomical link between syntactic pro-
cessing and ISL mechanisms, it has become a matter of empirical interest
to study these mechanisms in people with language disorders. Aphasia is
an overarching term for a series of acquired language disorders that
result from brain damage in key anatomical regions or networks, most
commonly after the occurrence of a stroke (Caplan, 2015). These key
anatomical regions are usually dispersed across the frontal, the tempo-
ral, and the parietal lobes of the left hemisphere (Ibid.). The exact
location of lesions in aphasia patients has been shown to be associated
with their linguistic profiles (see Caplan, 2015 or Goodglass and Kaplan,
1994 for reviews). A particularly interesting group for analysis of ISL
mechanisms is patients with Broca’s aphasia, a language disorder that is
characterized by deficits in complex syntactic processing (see e.g. Caplan
et al., 1985; Friederici and Kotz, 2003; Novick et al., 2005). Patients
with Broca’s aphasia typically suffered damage to the frontal lobe, more
specifically to the LIFG (Fitch and Friederici, 2012). These are the same
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anatomical regions that are activated during ISL tasks. This anatomical
convergence has motivated a wealth of research that seeks to examine
whether the syntactic impairment in Broca’s aphasia might stem from a
deficit in domain-general ISL mechanisms, rather than from a selective
impairment to the syntax module (Cope et al., 2017; Dominey et al.,
2003; Goschke et al., 2001; Schuchard and Thompson, 2013; Schuchard
etal., 2016; Zimmerer et al., 2014). The majority of the aforementioned
research has shown that patients with Broca’s aphasia manifest impaired
ISL abilities (but see Cope et al., 2017), which was suggested to support
the hypothesis that ISL mechanisms play a prominent role in syntactic
processing.

One limitation shared by most of these studies is that they lack an
aphasic group with intact frontal regions. A second limitation is the lack
of direct empirical evidence that syntactic processing and impairment in
ISL mechanisms in aphasia correlate (with the exception of Dominey
et al., 2003, however this study is only available as a short research
summary and full study details are not provided). We aim to evaluate the
performance of two anatomically defined groups of Persons With
Aphasia (PWA), one with lesions in frontal regions (f-PWA) and the
second with lesions in posterior regions (p-PWA), on a visual statistical
learning (VSL) task in order to determine whether a lesion in the LIFG
region is a prerequisite for impaired ISL abilities in aphasia. Further-
more, we aim to examine the relationship between ISL and syntactic
processing in aphasia. In the subsequent paragraphs we succinctly

Box 1
Implicit learning and Statistical learning: summary

Implicit learning (IL)

IL is traditionally investigated through Artificial
Grammar Learning (AGL) tasks. AGL tasks
are believed to mirror natural language syntax,
most often investigating relations between
different types of non-adjacent dependencies
(Reber, 1967; Christiansen et al., 2010;
Silva et al., 2018). Example a) shows the
simplest type of non-adjacent dependency in
which the participant must learn that A and B
are dependent, irrespective of the intervening
element X. AGL grammars represent various
degrees of complexity (for a review see Fitch
and Friederici, 2012).

a) Non-adjacent dependency: AXB

Underlying mechanisms in IL and SL

Statistical learning (SL)

SL is traditionally investigated with a boundary
detection task. In this task, the participant must
identify boundaries based on transitional probabili-
ties (TP’s). This was originally investigated with
continuous speech (Saffran et al., 1996) but speech
has also been substituted with shapes, tones or
tactile sensations (i.e. Siegelman et al., 2017; van
Witteloostuijn et al., 2019a; Daltrozzo et al., 2017).
Example b) illustrates how the TP of syllable ‘ra’
after syllable ‘ma’ (TP = 1) exceeds the TP of ‘tu’
after ‘ra’ (TP = 0.33).

b) ha-ma-ra-tu-mi-ka-ha-ma-ra-ko-ti-po-ha-ma-ra-
pa-ki

As illustrated with the examples of both IL and SL paradigms, they study distinct structured patterns.
IL focuses on the rule-based knowledge that is acquired in an AGL task. No rule-based learning is
postulated to occur in an SL task, where the participant solely must gain sensitivity to the TP’s of each
element. These theoretical assumptions were thought to reflect the differences between syntax
acquisition and lexicon learning (Perruchet and Pacton, 2006). Notwithstanding, experimental evidence
from recent years showed that the two traditions may investigate overlapping functions as it is under
investigation whether rule-based learning in AGL tasks also requires sensitivity to TP’s of elements (as
the one required for SL tasks). Furthermore, both traditions have implemented new features from each
other (e.g. traditional SL tasks can now examine finite state rule-based grammars, Saffran and Wilson,
2003), and therefore a clear separation between SL and IL is no longer feasible. For a detailed review
on the issue of rule-based learning vs. transitional learning, see Hauser et al. (2012); Perruchet and
Pacton (2006); Silva et al. (2018).
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review the theoretically pertinent literature on ISL and the relevant
findings regarding the link between language processing and ISL tasks.
This is followed by a review of previous studies on ISL in aphasia.

1.1. Implicit-statistical learning

A marked goal of ISL research is to investigate “the human ability to
detect and exploit the relations between elements in close temporal or
spatial proximity” (Perruchet and Pacton, 2006, p. 237). The difference
between IL and SL lies in the probed structures: while IL typically probes
learning of rule-based, long-distance relationships between elements (i.
e. non-adjacent dependencies), SL usually assesses the learning of
boundaries in sequential elements (i.e. adjacent dependencies). Exam-
ples of these dependencies and specific tasks associated therewith are
given in Box 1. Recent theoretical reviews concluded that SL and IL
share conceptual assumptions (Christiansen, 2018; Milne et al., 2018;
Perruchet and Pacton, 2006), likely investigating at least partially
overlapping cognitive functions and engaging partially overlapping
brain regions (Karuza et al., 2013; Silva et al., 2018). In this study, we
espouse the recent proposals by Milna et al. (2018) and Christiansen
(2018), which state that it is empirically and experimentally beneficial
not to treat these two traditions separately and will use the umbrella
term ISL.

1.2. Implicit-statistical learning and language processing: behavioral
evidence

Because language is replete with both adjacent and non-adjacent
patterns, it has been assumed that domain-general ISL mechanisms
play an important role in language acquisition and language processing
(see e.g. Kidd et al., 2018; Siegelman et al., 2017). Several studies
directly examined performance on ISL tasks and language processing (e.
g Conway et al., 2010; Daltrozzo et al., 2017; Misyak and Christiansen,
2012). While these studies used different ISL paradigms and compared
distinct linguistic measures, all aforementioned studies found correla-
tions between ISL mechanisms and adult language processing measures.
Conway et al. (2010) found that performance on an ISL task correlated
to the word-predictability measure in their study. Misyak and Chris-
tiansen (2012) used a visual AGL task with both adjacent and
non-adjacent dependencies and found correlations with several syntac-
tic measures (e.g. subject-object relative clauses, animate/inanimate
relative clauses) and a word-predictability measure. Lastly, Daltrozzo
et al. (2017) investigated how visual SL task performance related to
grammatical and receptive vocabulary measures in an event-related
potential (ERP) experiment. The authors found correlations between
the ERP indices in a visual ISL task and the linguistic measure of
grammatical ability. The discussed studies provide behavioral evidence
of the link between visual ISL tasks and linguistic measures of syntax and
word-predictability, and also show that at least partially overlapping
domain-general mechanisms are utilized in both. Having explicated the
behavioral link between ISL mechanisms and language processing, we
proceed to elucidate the same link at the anatomical level.

1.3. Implicit-statistical learning and language processing: anatomical
evidence

Anatomically, the LIFG corresponds to the pars opercularis, the pars
triangularis, and the pars orbitalis of the left frontal lobe (cytoarchi-
tectonically, Brodmann’s areas B44, B45, and B47). A wealth of research
has implicated this region as essential for syntactic processing (see
Hagoort, 2005 for a review). This was corroborated by a robust finding
from fMRI studies which demonstrated that higher syntactic complexity,
as measured by number of clauses or number of moved elements, leads
to an increase in activation of this region (e.g. Ben-Shachar et al., 2003;
Friederici et al., 2005). Two opposing research traditions proposed
specific models and theories to account for this finding. The first
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research tradition encompasses domain-specific linguistic models which
postulate that the LIFG (or its subregions) is functionally specialized for
syntactic operations (Grodzinsky, 2000; Friederici, 2002). A prominent
model, proposed by Friederici and colleagues, postulates that left frontal
regions have historically hosted general computational mechanisms for
non-hierarchical (local) processing; however, a part of the left frontal
regions has specialized, and now two phylogenetically younger
sub-regions of the LIFG (BA44/45) are exclusively dedicated to pro-
cessing the type of recursive hierarchical dependencies found in natural
language syntax, namely Phrase-structure grammar (Friederici et al.,
2006). In opposition to the syntax-based models, a second research
tradition proposed that the LIFG region is not functionally specialized
for syntactic operations, but that it rather hosts domain-general func-
tions essential for successful syntactic processing (see Petersson et al.,
2012). Within this class of models are those that argue in favor of the
hypothesis that ISL mechanisms are located in the LIFG region (see
Udden and Bahlmann, 2012 for a review). These models predicted a
joint activation during ISL tasks (that probe the detection and the
encoding of patterned regularities) and syntactic processing (that probes
the exploitation of patterned regularities). Expectedly, the literature
reports robust findings that processing of non-linguistic patterned reg-
ularities, such as investigated by ISL tasks, activate the same areas as
syntactic processing, namely the LIFG region (e.g. AGL tasks: Petersson
etal., 2012; Seger et al., 2000; Udden et al., 2017, SL boundary detection
task: Karuza et al., 2013).

It is important to note that for the purpose of this study we only
introduce a simplified and not fully adequate model of syntactic pro-
cessing. In recent years, empirical research highlighted the importance
of large language networks rather than isolated regions (see Fedorenko
and Thompson-Schill, 2014). Furthermore, the notion that individual
steps of language processing (e.g. lexical-semantic processing, syntactic
processing) are computed in different, non-overlapping brain regions is
not uncontroversial (see Blank et al., 2016 for a nuanced discussion).

1.4. Implicit-statistical learning in aphasia

Given the anatomical rationale of ISL research in this area, we briefly
review how the lesion locations connect to the linguistic profiles of PWA.
We emphasize that, while lesion location in aphasia and the linguistic
profiles have been shown to be associated, caution must be exercised
when drawing tentative conclusions, as this association is not always
fully transparent, and there remains a large variation in linguistic defi-
citsdeficits (Caplan, 2015; Dronkers et al., 2004; Varkanitsa and Kas-
selimis, 2015). Lesions in the left frontal lobe are most commonly
associated with Broca’s aphasia. The strongly attested and repeatedly
encountered finding is that lesions in the LIFG lead to impairment (from
mild to severe) in complex syntactic processing (see e.g. Novick et al.,
2005; Caplan et al., 1985; Friederici and Kotz, 2003). Not unlike lan-
guage processing models, some models in aphasiology posit that the
syntactic deficits in Broca’s aphasia originate in a selective syntactic
impairment (Grodzinsky, 2000; Friederici, 2002) while others propose
deficits in domain-general cognitive mechanisms, such as resource ca-
pacity (Caplan, 2006), verbal working memory (Baldo and Dronkers,
2006), and, notably, disturbance of ISL mechanisms (e.g. Christiansen
etal., 2010; Zimmerer et al., 2014). Lesions in the temporal and parietal
lobes, often resulting in Wernicke’s aphasia, lead to more pronounced
deficits in auditory comprehension and lexical-semantic processing (see
e.g. Robson et al., 2012; Thompson et al., 2015). Importantly, lesions in
this area are not typically associated with the classical profile of syn-
tactic deficits in Broca’s aphasia. Patients with a lesion in these posterior
areas often present severe comprehension problems, believed to result
from deficits in phonological, lexical and semantic processing (see e.g.
Thomson et al., 2015 for a review). Aphasia assessment batteries strive
to capture the different linguistic profiles of PWA, and consequently
include separate linguistic subcomponents (e.g. lexical, semantic,
phonological, syntactic, non-word repetition).



V. Vadinova et al.

There is a dearth of studies on ISL mechanisms in aphasia (Schuchard
et al., 2016). All extant studies to date have tested patients with Broca’s
aphasia with medium to severe syntactic impairment (Christiansen
etal., 2010; Cope et al., 2017; Dominey et al., 2003), with the exception
of one that also included patients without syntactic impairment (Zim-
merer et al., 2014). There are pertinent differences across these studies
that should be highlighted. All studies with the exception of two (Cope
et al., 2017; Schuchard et al., 2016) tested a small number of patients,
rendering the findings less generalizable. Dominey et al. (2003) and
Christiansen et al. (2010) each administered an AGL task in agrammatic
aphasia. The researchers found that the patients performed significantly
worse than control participants. As a consequence, these authors assert
that the syntactic deficits manifested in Broca’s aphasia reflect damage
to domain-general ISL mechanisms. Notably, Dominey et al. (2003) re-
ported strong correlation between abstract sequence processing and
syntactic comprehension in 7 agrammatic PWA. Unfortunately, this
result is presented as a brief research summary and methodological
details of this study are not available. Zimmerer et al. (2014) compared
the performance of PWA with grammatical impairment to PWA without
grammatical impairment on an AGL task and found that grammatical
impairment was associated with a more pronounced deficit in ISL
mechanisms. Zimmerer et al. (2014) did not focus on the proportion of
correct vs incorrect responses, but on specific patterns of performance
and strategies used by PWA as compared to controls. Considering the
complex nature of the artificial grammar used in Zimmerer et al. (2014),
the authors were able to analyze which types of violations were or were
not rejected by PWA. While both PWA groups were impaired on the AGL
task (66% in agrammatic speakers, 70% in the aphasic group without
syntactic impairment) compared to healthy participants (88%), the au-
thors found that the individual pattern of performance was within
normal range in healthy controls and PWA without syntactic impair-
ment. These results contradict those of Cope et al. (2017) who admin-
istered a non-word and a tone AGL task to both patients with Broca’s
aphasia and nonfluent Primary Progressive Aphasia (nfvPPA) and
discovered that patients of both etiologies exhibited impairment as
compared to controls. Nonetheless, ISL capacities were not completely
absent in these groups. Lastly, Schuchard and Thompson (2013) tested
10 PWA with syntactic impairment on a different experimental para-
digm that investigates learning (Serial Search Task) in order to evaluate
both implicit and explicit learning deficits in aphasia. It was revealed
that implicit learning was impaired to a lesser degree than explicit
learning and the authors suggest that the explicit awareness and the
maintenance of a sequence places excessive demands on working
memory, which in turn impedes successful learning process.

1.5. Present study

To summarize, ISL research contends that this mechanism is at least
partially domain-general and is recruited in language acquisition and
language processing in addition to other functions such as perception,
music appreciation and motoric skills (see Arciuli, 2016 for a review).
Notably, ISL mechanisms are believed to be recruited only in the lan-
guage modules that necessitate detection, encoding, and exploitation of
patterned regularities, such as syntactic processing, but not in other
modules like lexical recall. Two veins of evidence, anatomical and
behavioral, yielded empirical support for this contention. Firstly, fMRI
studies of non-linguistic ISL tasks (e.g. Karuza et al., 2013; Opitz and
Friederici, 2004) found overlapping neural activation with the regions
that were previously shown to activate during syntactic processing tasks,
namely the LIFG region of the left hemisphere (e.g. Ben-Shachar et al.,
2003; Friederici et al., 2005), giving rise to our anatomical hypothesis,
which states that syntactic processing and ISL mechanisms anatomically
overlap. Secondly, performance on ISL tasks and syntactic processing in
adults showed a correlation (e.g. Conway et al., 2010; Daltrozzo et al.,
2017), giving rise to our behavioral hypothesis, which claims that syn-
tactic processing at least partially recruits domain-general ISL
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mechanisms. These two hypotheses are not competing and could be
incorporated within a single linguistic model which posits that a) syn-
tactic processing recruits ISL mechanisms and b) this mechanism is
located in the LIFG region. Nonetheless, we consider it appropriate to
evaluate these two hypotheses separately, as the behavioural hypothesis
does not necessitate anatomical overlap, but merely argues that
domain-general mechanisms are recruited in syntactic processing, irre-
spective of their anatomical location.

Considering the limitations in previous research, we will examine ISL
abilities in two anatomically defined groups, PWA with frontal lesions
(f-PWA) and PWA with posterior lesions (p-PWA), on a non-linguistic
visual statistical learning (VSL) task with an additional online RT
based measure. Our motivating rationale for anatomically defined
groups is the prominent role that the LIFG region is assigned in ISL
literature. Therefore, it was of particular interest to evaluate ISL abilities
in PWA with an intact LIFG region. Furthermore, we will compare the
performance on this VSL task to each patient’s linguistic impairment in
syntactic and lexical processing, as measured by an aphasia assessment
battery. This will give us insight into the following research questions:

1. Is damage to the LIFG region a prerequisite for impaired statistical
learning capacities?

2. Do syntactic processing and visual ISL mechanisms in aphasia recruit
partially overlapping mechanisms?

Our first research question addresses the spared or disrupted ISL
mechanisms in PWA. Based on neuroimaging evidence, we operate
under the hypothesis that ISL mechanisms are grounded in the LIFG
region. Therefore, we expect that f-PWA (lesioned LIFG) would display
worse performance on a VSL task than p-PWA (intact LIFG) and non-
brain damaged control participants.

The second research question examines the extent to which ISL
mechanisms are recruited in syntactic processing. We hypothesize,
based on previous findings in aphasiology and ISL research, that the
degree of syntactic impairment, as measured by aphasia assessment
tasks, will correlate to the learning effect on a VSL task. The anatomical
group, f-PWA or p-PWA, does not influence our predictions. F-PWA are
expected to have lower scores on both the VSL task and syntactic tasks,
while p-PWA are predicted to have higher scores on these two types of
tasks. As a result, the anatomical group is not expected to interact with
the correlational analysis. This study has not been pre-registered.

2. Methods
2.1. Participants

Three groups of participants were included in this study, all native
speakers of Russian. The PWA were separated into two anatomical
groups, five PWA with frontal lesions (f-PWA) and eight PWA with
posterior lesions (p-PWA), while the third group comprised eleven non-
brain-damaged control participants.

PWA (N = 13, mean age 62 years, range 50-70 years; mean years of
education 13.7 years, range 10-18 years; 7 females) were individuals
with a single ischemic stroke at least two months prior to testing (mean
post-onset time 13 months, range 3-46 months), all premorbidly right-
handed, with no hearing or vision impairments (one PWA had cor-
rected vision). All PWA were undergoing post-stroke rehabilitation at
the Center for Speech Pathology and Neurorehabilitation (Moscow,
Russia). The recruitment conditions for PWA participants were a)
availability of anatomical Magnetic Resonance Images (MRI), b) brain
lesion was located either in the left frontal region or left posterior (non-
frontal) region, as stated in a patient’s MRI report by a local certified
radiologist and confirmed with our visual inspection of native MRI im-
ages. All PWA were diagnosed with specific aphasia types and aphasia
severity based on the comprehensive neuropsychological investigation
by a certified clinical psychologist or a speech-and-language pathologist
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(Luria, 1964). All participants in the f-PWA group had efferent
(approximately equivalent to Broca’s aphasia) and afferent (comparable
to conduction aphasia) motor aphasia, the linguistic profile of which is
characterized by non-fluent and agrammatic speech as well as diffi-
culties in comprehension of complex syntactic structures. Five partici-
pants in the p-PWA group were diagnosed with sensory aphasia. Their
linguistic profile was characterized by a pronounced deficit in compre-
hension at the lexical and sentence levels, as well as paraphasias in
production. One patient in the p-PWA group was diagnosed with
acoustic-mnestic aphasia: a deficit in verbal working memory, with high
incidence of anomia. One patient had both sensory and acoustic-mnestic
aphasias; and one — efferent and afferent motor aphasias.” PWA de-
mographics are summarized in Appendix A, Table A.1. Lastly, PWA
varied with respect to the length of the time post-stroke (3-46 months).
While spontaneous and therapy-induced changes in aphasia severity can
occur at any time post-stroke (Holland et al., 2016), our study focused
on a single point measurement of two functions (linguistic and cogni-
tive) that were assessed within 3 weeks of each other, which minimizes
the negative influence of differences in time post-stroke. In addition, we
excluded patients in the very early subacute period post-stroke (before
two months) in order to assure the stability of the lesion (Heiss, 2011).
Control participants (N = 11, mean age 50.2, mean years of education 15
years, right-handed and 2 ambidextrous) presented no history of
neurological and psychiatric disorders or uncorrected visual or hearing
impairments.

2.2. Materials

2.2.1. VSL task

The VSL task used in the present study was developed by van Wit-
teloostuijn et al. (2019a) to evaluate statistical learning abilities in
children with developmental language impairment and is structurally
based on the task in Siegelman et al. (2017). The abstract shapes that
were originally employed in this VSL task were replaced by a set of 12
child-friendly multi-colored aliens (please consult Appendix B, Fig. B.1
for the entire set). The VSL task consists of two phases: the familiarization
is an online RT-based task during which the participant is exposed to the
visual stimuli (i.e. 12 aliens) and its aim is to measure the online learning
effect; the post-familiarization phase consists of two tasks that measure the
presence and the magnitude of the offline learning effect.

2.2.1.1. Familiarization phase. During familiarization, the aliens were
presented to the participant on a computer screen one by one. Unknown
to the participant, the aliens were repeatedly arranged in the same
groups of three (i.e. triplets). In total, four triplets were used in this task
(referred to as: ABC, DEF, GHI, JKL).® The same triplet never repeated
itself (i.e. disallowed: ABC, ABC) and the same rule applied to a pair of
triplets (i.e. disallowed: ABC, DEF, ABC, DEF). The familiarization phase
consisted of four blocks and each block contained twenty-four alien
triplets (24 x 4 = 96 alien triplets, 288 individual aliens in total). During
each block, the participant saw each of the four triplets six times. Apart
from regular individual aliens, three stimuli per block contained a
‘repeated alien’, meaning that two aliens of the same type would appear
after each other (i.e. AABC, DEEF). In such cases, the participants were
instructed to touch the screen where the second alien was situated in
order to ‘scare him off’. This procedure was included to ensure partici-
pants’ attention throughout the experiment. The statistical structure of

2 See Akhutina (2015) for a detailed review of Luria’s neuropsychological
investigation and the connection to the Western classification system of
aphasia.

% This is a simplified version of the task in Siegelman et al. (2017)—designed
to assess performance in healthy adult populations—which included eight
triplets, rather than four. Considering the neurological impairment of PWA
participants, a simplified version was deemed appropriate.

Neuropsychologia 147 (2020) 107591

the task is reflected in transitional probabilities (TP’s) of aliens. Thus, in
case of a triplet ABC, given the element A, the TP to element B is 1 and
the same holds for a further transition to element C. The TP at a triplet
boundary is low, as any of the other three triplets can follow. Therefore,
while the element 2 and 3 (e.g B and C) are always predictable, the
element 1 (e.g. A) is unpredictable. The same principle holds for the
other triplets. See Fig. 1 for an illustration of distinct TP’s to predictable
and unpredictable aliens. The familiarization phase constituted an on-
line RT-based measure: participants determined for themselves the pace
at which individual aliens were presented by pressing a button. After
200 ms, a new alien would appear. In this manner, the online sensitivity
to the TP’s of aliens was reflected in the RT’s duration. In case of suc-
cessful learning, the measured RT’s to predictable aliens would be
shorter than RT’s to unpredictable aliens.

2.2.1.2. Post-familiarization phase. Once the familiarization phase had
concluded, the participant completed the post-familiarization phase,
which contained two separate sub-tasks: pattern recognition alternative
forced choice task (2-AFC) and pattern completion alternative force
choice task (3-AFC). The tasks include grammatical, partially gram-
matical and ungrammatical (foil) alien triplets. Grammatical triplets
appeared during the experiment, while foils were ‘disallowed’ alien
sequences that did not appear in the familiarization phase. The 2-AFC
task required that participants choose the correct pattern out of two
presented alien orders; this task contained 24 questions. The 3-AFC task
consisted of 16 questions, in which the participant had to fill a gap in a
sequence of two or three aliens to mirror the order in which they were
presented on the screen. The items in both tasks differ at two levels:
number of distractors (the participant choses among 2 or 3 aliens) and
difficulty (the ungrammatical pair is either partially grammatical or
ungrammatical). Both 2-AFC and 3-AFC were introduced by one test
trial to ensure participants understood the purpose of the task. For an
example of 2-AFC and 3-AFC tasks stimuli, please consult Appendix B,
Fig. 2.B.

2.2.1.3. Procedure. The VSL task was programmed and used in E-Prime
2.0 software (Schneider et al., 2002). The experiment was run on a
Microsoft Surface Pro 3 with a touchscreen and a keyboard. PWA were
tested in their clinical settings. Control participants were tested at
various locations in Moscow, Russia.

The participants were seated in front of a tablet and told that they
would engage in a short computer game. In this task, it was their mission
to send lost aliens back home to their mothership. Each alien was pre-
sented individually in the middle of the screen. In order to send each
alien home, participants were instructed to press the green button with
the left hand. The participants were also told that, on occasion, two
aliens of the same type would like to travel one after another, but that
this was disallowed and, in such cases, participants were to touch the
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Fig. 1. Transitional probabilities of aliens within triplets (van Witteloostuijn
et al., 2019a).
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screen where the alien was situated in order to scare him off. The par-
ticipants were instructed to look carefully at aliens and pay attention to
the order of the aliens, following the procedure in Siegelman et al.
(2017) and van Witteloostuijn et al. (2019a). The familiarization phase
was preceded by an instruction phase, during which the participant
could practice the instructions and aims of the experiment. The in-
struction phase mimicked the actual familiarization phase, but did not
include any of the 12 experimental aliens (i.e. additional 8 aliens were
designed exclusively for the instruction phase). The familiarization
consisted of four blocks, and after each block the experiment was paused
and the participant could take a short break if necessary. Participants
were not informed that additional post-familiarization tasks would
follow. If, during the instruction phase, the experimenter believed that
participants were pressing the green button inattentively or hurriedly,
she instructed them to slow down and pay attention to the stimuli.

Once the familiarization phase was finished, the participant was
informed that two short tasks would follow. Each task (2-AFC and 3-
AFC) were explained and preceded by one practice trial. In these
tasks, participants had to touch the screen in order to select the correct
answer. The pilot session, conducted with two PWA that could not
participate in the experiment properly, revealed that PWA require a
longer and more thorough instruction phase than their control coun-
terparts. In order to ensure that all participants understood the in-
structions correctly, all aliens were printed and introduced to patients on
paper in random order before the experiment commenced. If a patient
presented persistent comprehension difficulties during the instruction
phase, an additional recapitulation of the explanation was offered with
the printed aliens.

2.2.2. Linguistic tasks

To examine our hypothesis, it was of interest to determine the syn-
tactic and lexical deficits of PWA. Therefore, we tested PWA on two
linguistic components, the syntactic measure, namely the tasks of sen-
tence comprehension and sentence production, and the lexical measure,
namely the tasks of naming and word comprehension. The compre-
hension and production scores were combined to derive one syntactic
and one lexical measure of impairment in all PWA. Combining the
production and comprehension scores was considered to provide a more
comprehensive assessment of the degree of impairment in given lin-
guistic domains (i.e. syntactic and lexical). Both tasks were taken from
the Russian Aphasia Test (RAT), a standardized battery for clinical
language assessment implemented on tablet (Ivanova et al.,, 2016).
Importantly, RAT tasks that examined syntactic and lexical deficits in
PWA were not used in the classification of aphasia in PWA which were
decided solely on the comprehensive neuropsychological investigation
(see section 2.1).

The sentence comprehension and sentence production tasks con-
tained 24 experimental items each. These items were selected to capture
varying degrees of complexity of several syntactic parameters: number
of verb arguments (1-3), reversibility of the semantic roles of a verb,
sentence type (simple vs. subordination), and word order (canonical vs.
non-canonical). In the comprehension task, the participant had to match
an auditorily presented sentence to one of the two black-and-white
pictures; the production task required that the participant describes a
picture with a sentence. The tasks pertaining to the lexical component
were naming and word comprehension. In the naming task, the partic-
ipant had to name pictures responding to the questions “What is
depicted?” (for objects) and “What is a person doing in the picture?” (for
actions) in one word. In the comprehension task, the participant had to
match an auditorily presented word to the correct picture. The items
were controlled for familiarity, visual complexity, image agreement,
word imageability, age of acquisition and frequency.

The tests were administered using a Samsung Galaxy Tab A SM-T585
(2016) on Android 7.0 platform, screen size 10.1”, 1920 x 1200 px. In
the sentence comprehension test, accuracy of patients’ responses was
registered automatically. In the production tests, patients’ vocal
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responses were automatically recorded by the same program and
analyzed off-line later by the examiner. Linguistic tests were adminis-
tered within three weeks of the VSL task.

2.3. Data analysis

The VSL task provided us with two outcome variables: RT’s from the
familiarization phase and offline accuracy scores from 2-AFC and 3-AFC
tasks. These outcome variables were collected for all participants.
Furthermore, linguistic data were collected for PWA which comprised
two scores, syntactic and lexical impairment. Our confirmatory research
questions were answered by multiple measures. As a consequence,
confidence intervals were Bonferroni corrected for multiple testing, CI’s
were corrected to 0.05/4 = 0.0125 (i.e. CI's = 98.75%) for all confir-
matory results. Exploratory results were not corrected (i.e. CI's 95%).

2.3.1. Online RT’s

Following van Witteloostuijn et al. (2019a), the RT’s to the first
triplet in each block were eliminated. This was done to remove deviating
RT’s due to the pause and restart after each block. In order to account for
the variation in the individual speed of the experiment, all RT’s were
normalized following the exact procedure in van Witteloostuijn et al.
(2019a). This was achieved by sorting all N observations in increasing
order and replacing each observation by the (r — 0.5)/N quantile of the
normal distribution, where r is the ranking number of the observation.
This normalization resulted in optimally distributed z-values. All ana-
lyses were run on normalized RT data and the model estimates are
expressed as changes in z-values (Az) from one level of the predictor to
the next (for details see van Witteloostuijn et al., 2019a). The analysis
employed linear mixed-effects regression models and the Imer function
of the Ime4 package (Bates et al., 2015) in R (R Core Team, 2013). Once
RT’s were normalized, residuals became normally distributed, which
rendered the application of a mixed-effects linear model suitable. All
continuous variables were scaled. The online sensitivity to the transi-
tional probabilities in the task was expressed as a difference in RT’s
between unpredictable (i.e. alien 1) and predictable (i.e. alien 2 and
alien 3) aliens in interaction with Time (i.e. repetition of triplets across
time). Predictability (categorical variable: element 1, element 2 and
element 3) and Time (continuous variable, scaled) were
within-participant predictors. With regards to our first research ques-
tion, the interaction with the between-participant predictor Group was
of interest. Predictability and Group were contrasted using backwards
difference coding. Two backwards difference codings were applied to
the predictor Group. The confirmatory coding examined whether Con-
trol participants and p-PWA performed significantly different than
f-PWA. The exploratory coding examined if all PWA (f-PWA and p-PWA)
performed significantly worse than Control participants. A single model
was thus used with two codings. Random slopes were included
by-Subject and by-Item.

2.3.2. Offline score 2-AFC and 3-AFC tasks

Responses on both tasks were scored 0 for incorrect and 1 for correct
responses. Accuracy was expressed as the percentages of correct re-
sponses. Initially we examined whether each Group displayed learning
by comparing performance with chance level. This analysis was carried
out separately per each task, as chance levels differed; task 2-AFC had a
chance level of 0.500 and 3-AFC of 0.333. A one-sample t-test was run
per task and per Group.

To answer our research question, whether the magnitude of the
learning effect differed as a function of Group, we applied a glmer
function from the Ime4 package (Bates et al., 2015). Both tasks (2-AFC
and 3-AFC) were run separately. The accuracy on the tasks was fitted as
a function of Group. A single model with two codings (confirmatory and
exploratory codings, see Section 2.5.1.) was used for 2-AFC and 3-AFC
tasks. The statistical results from the generalized mixed-effects were
exponentiated for easier interpretation (see van Witteloostuijn et al.,
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2019a).

2.3.3. Offline score and linguistic measures

Our second research question addressed the correlation between
linguistic impairment and visual statistical learning in aphasia. In order
to determine whether the magnitude of the offline learning effect was
related to the linguistic measures of PWA, we ran a Pearson’s moment-
correlation between the 2-AFC and 3-AFC tasks and two linguistic
measures: syntactic impairment and lexical impairment.

3. Results

In the following sections, we present results aimed at answering our
two research questions. The first section focuses on visual statistical
learning abilities in two aphasic anatomical groups (f-PWA and p-PWA)
and Control participants. The second section addresses the relationship
between visual statistical learning and linguistic measures of f-PWA and
p-PWA.

3.1. Familiarization phase: online RT’s

Our first research question examined the effect of Group on the
sensitivity to the statistical regularities in the task. Fig. 2 illustrates the
normalized RT’s to predictable and unpredictable aliens across 24 rep-
etitions in each Group. Mean raw and normalized RT’s per Group are
given in Table 1. Considering the potential Group differences, we find no
evidence that p-PWA and Controls display a stronger learning effect than
f-PWA (Az = —0.031, 98.75% CI [-0.168... 0.104], t = —0.584, p =
0.559). In light of these results, we examined whether Controls dis-
played a larger learning effect than all PWA together (see Online sup-
plementary material on details of contrast coding). This was confirmed;
Control participants showed higher sensitivity to the statistical regu-
larities of the task than PWA (4z = 0.104, 95% CI [0.017...0.192], t =
2.366, p = 0.018). We conclude that there is evidence of non-brain
damaged participants showing a better capacity to apprehend statisti-
cal regularities than PWA.

3.2. Post-familiarization phase: offline tasks

Table 2 summarizes the performance on two tasks— 3-AFC
(completion task) and 2-AFC (recognition task)—indicating the mean
and the standard deviation per group. The mean score on the 3-AFC task
(chance level = 33%) was 64% in Control participants, 44% in f-PWA
and 43% in p-PWA. The mean score on the 2-AFC task (chance level =
50%) was 73% in Control participants, 61% in f-PWA and 52% in p-
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Fig. 2. VSL familiarization phase, normalized RTs ( +1 SE) to predictable and
unpredictable elements across repetitions of triplets (i.e. 24 repetitions) during
the familiarization phase for Control participants (top graph), f-PWA (middle
graph), and p-PWA (bottom graph).
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Table 1

VSL familiarization phase, mean raw (ms), and normalized RT’s (inside
brackets) to predictable and unpredictable Aliens for three participant groups:
Controls, f-PWA, and p-PWA.

All participants Controls f-PWA p-PWA
n=11) (m=5) n=28)
Predictable 813 (—.018) 896 (.167) 837 (.112) 701 (-0.23)
Unpredictable 818 (.036) 873 (.062) 830 (.146) 715 (-0.23)
Table 2

Mean scores and standard deviations in 2-AFC (chance level = .5) and 3-AFC
(chance level = .33) tasks in three participant groups: Controls, f-PWA, and p-
PWA.

Group 3-AFC, % 2-AFC, %

Control (n = 11) 64 (9.7) 73 (6.9)

f-PWA (n = 5) 45 (12.9) 64 (9.7)

p-PWA (n = 8) 43 (12.6) 52 (10.1)
PWA.

A one sample t-test revealed that the performance on 2-AFC task was
significantly above chance in two of the participant groups, Controls (r
=0.731, 98.75% CI [0.662 ... 0.799], t = 8.450, p = 2.001 e 1% and f-
PWA (r=0.641, 98.75% CI [0.530 ... 0.753], t = 3.222, p = 0.001). The
performance of p-PWA was not above chance level (r = 0.520, 98.75%
CI [0.429 ... 0.611], t = 0.576, p = 0.565). Thus, we find evidence that
non-brain damaged individuals and patients with frontal lesions ac-
quired sensitivity to the structure, as measured by the 2-AFC task. Per-
formance on the 3-AFC task was above chance level in all three groups:
Control group (r = 0.642, 98.75% CI [0.550 ... 0.733], t = 8.610, p =
4.109 efls), f-PWA (r = 0.45, 98.75% CI [0.306 ... 0.593], t = 2.3143, p
= 0.035) and p-PWA (r = 0.437, 98.75% CI [0.325 ... 0.549], t = 2.442,
p = 0.015). We provide evidence that both non-brain damaged in-
dividuals and PWA learned the underlying statistical regularities as
measured by the 3-AFC task.

We now introduce results with regards to Group differences on the
offline tasks. Fig. 3 shows the proportion of correct responses on both
tasks per Group. There is no evidence that Controls and p-PWA scored
significantly higher than f-PWA on 2-AFC (log odds = +0.582, CI
98.75% = [0.121 ... 2.604], p = 0.328) and 3-AFC tasks (log odds =
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Fig. 3. VSL offline task, proportion of correct responses on 3-AFC (left, chance
level = 0.33) and 2-AFC questions (right, chance level = 0.5) for three
participant groups: Control, f-PWA, p-PWA. Color-sorted dots indicate indi-
vidual scores. Controls participants (blue color), f-PWA (purple color), p-PWA
(green color). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 4. Correlation of performance on linguistic measures and accuracy on 2-AFC and 3-AFC tasks. Colour-sorted dots indicate individual participants. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

+0.582, CI 98.75% = [0.270 ... 3.317], p = 0.907). We subsequently
examined the exploratory research question whether Controls per-
formed significantly better than the PWA together. We provide evidence
for this hypothesis on both 2-AFC and 3-AFC tasks. The Control group
scored significantly higher than PWA on both the 2-AFC task (log odds
= +3.217, CI1 95% = [1.296 ... 8.775], p = 0.013) and the 3-AFC task
(log odds = +2.536, CI 95% = [1.196 ... 5.786], p = 0.017). We
conclude that non-brain-damaged individuals demonstrate a stronger
statistical learning effect, as measured by 3-AFC and 2-AFC tasks, than
PWA with frontal and posterior lesions.

3.3. Offline tasks and linguistic measures

Participants linguistic scores per each task are given in Appendix A.
Pearson’s product-moment correlation coefficients were computed to
assess the correlations between the scores on VSL offline tasks 2-AFC and
3-AFC and the two linguistic measures (syntactic impairment and lexical
impairment, as described in detail in Section 2.2). Fig. 4 illustrates the
relationship between the linguistic scores and VSL performance on 2-
AFC and 3-AFC tasks. There was a weak, but significant correlation
between the 2-AFC score and the syntactic impairment (r = 0.156, CI
98.75% = [0.015 ... 0.290], p = 0.005). No correlation was found be-
tween the 2-AFC score and the lexical impairment (r = 0.034, CI 98.75%
= [-0.107 ...0.174], p = 0.542). Statistical results are presented in
Table 3. There was no correlation between the 3-AFC task and any of the
linguistic measures (Table 3). Individual correlations between each
linguistic task (naming, word comprehension, sentence production,
sentence comprehension) and 2-AFC and 3-AFC tasks can be found in
Appendix C, Table C.1.

Table 3

4. Discussion

We applied a VSL task to test ISL in PWA with frontal or posterior
lesions. We sought to validate two hypotheses: 1) the anatomical hy-
pothesis: that frontal lesions lead to a more pronounced deficit in ISL
mechanisms than posterior lesions in aphasia, and 2) the behavioral
hypothesis: that syntactic processing and domain-general ISL mecha-
nisms engage partially overlapping functions. Key observations
regarding our first hypothesis reveal that: a) lesion location shows no
relation to the magnitude of the learning effect on a VSL task (online and
offline), and b) visual ISL is impaired, but not completely absent, in
aphasia. The insight most pertinent to our second hypothesis shows that
the syntactic deficit in PWA weakly correlated to the size of the learning
effect on the VSL task. Overall, behavioral-linguistic profiles were better
able to explain performance on the VSL task than general anatomical
profiles. We discuss these results in turn below.

4.1. Implicit-statistical learning in aphasia

4.1.1. Lesion location does not predict ISL abilities

Our first hypothesis posited that f-PWA would manifest more severe
impairment on the VSL task than p-PWA and control participants. We
sought to validate the anatomical hypothesis put forward in previous
research (e.g. Christiansen et al., 2010; Udden et al., 2017; Zimmerer
et al., 2014): that the frontal regions—and more specifically the LIFG
region—are the locus of domain-general ISL mechanisms. This hypoth-
esis was not supported, neither in the online nor the offline tasks (Figs. 2
and 3). This result was particularly unexpected in light of the fact that all
neuroimaging research strongly implied that the LIFG region plays an

Pearson product-moment correlation between the 2-AFC and 3-AFC tasks and linguistic measures: syntactic measure score and lexical measure score. Results include

size of correlation r, 98.75% CI, and p value.

Linguistic scores 2-AFC 3- AFC

r CI 98.75% p r CI 98.75% P
Syntactic measure score 0.156 [0.015 ... 0.290] 0.005 0.049 [-0.118 ... 0.213] 0.464
Lexical measure score 0.034 [-0.107 ...0.174] 0.542 -0.018 [-0.184 ... 0.148] 0.786
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appreciable role in the learning and processing of patterned regularities
and no activation of posterior regions was reported (e.g. Karuza et al.,
2013; Opitz and Friederici, 2004; Seger et al., 2000; Udden et al., 2017).
There is limited research on ISL mechanisms in patients with other than
Broca’s aphasia. Zimmerer et al. (2014) tested PWA without syntactic
impairment and concluded that their performance pattern was more
similar to healthy controls. Unlike Zimmerer et al. (2014) we find no
evidence of milder impairment in patients with posterior lesions when
compared to patients with frontal lesions. Our results reveal that
non-brained damaged individuals showed significantly better ISL than
PWA, irrespective of the lesion location. Notably, our results do not
invalidate previous findings that patients with lesions in frontal regions
show impairment in ISL abilities. However, we provide novel evidence
which suggests that PWA with spared frontal regions also exhibit
impairment in ISL mechanisms. This finding adds to the current un-
derstanding of the status of ISL abilities in aphasia.

4.1.2. Implicit-statistical learning is not absent in aphasia

With regard to the performance of PWA, our findings suggest that ISL
abilities are not totally absent in cases of aphasia. The score on the 2-AFC
and 3-AFC tasks demonstrates a successful learning effect of PWA
(Fig. 3). Some early studies on ISL in aphasia (Christiansen et al., 2010)
have shown an absence of any learning effect on AGL tasks. Two more
recent studies (Cope et al., 2017; Schuchard and Thompson, 2013;
Schuchard et al., 2016), on the other hand, have evinced impaired, but
not completely absent, ISL mechanism in Broca’s aphasia, which is in
line with the results obtained in the present study. We posit several
explanations for these mixed results: a) a significant difference in sample
size, and b) a difference in the structural complexity of the tasks and c)
differences in socio-demographics and lesion characteristics. Firstly, all
early studies tested small numbers of PWA (n < 7), while Cope et al.
(2017) tested 22 patients with aphasia and Schuchard et al. (2016)
tested 10 patients. Our data testifies to large individual variation (Fig. 3)
which raises concerns regarding the validity of initial results with small
samples in a heterogeneous population such as an aphasic one. Sec-
ondly, ISL tasks probe structures of varying complexity using a plethora
of tasks and paradigms (see Fitch and Friederici, 2012 for a detailed
discussion), which complicates cross-study comparison (Christiansen
et al,, 2010). We cannot reject the possibility that our finding of
impaired yet present ISL abilities in patients with aphasia is due to the
simpler task structure of the VSL task as compared to some AGL tasks.
Due to the relatively simple underlying structure of the current VSL task,
we were unable to study individual performance patterns, as is possible
when investigating more complex grammars (e.g. Visser et al., 2009;
Zimmerer et al., 2011, 2014). The fact that ISL mechanisms were not
completely absent in PWA carries potential implications for language
re-learning in aphasia. PWA with intact or mildly impaired ISL mecha-
nisms may benefit from implicit language therapy as they are capable to
detect, encode and exploit patterned regularities in the environment.

4.2. Implicit-statistical learning and language impairment in aphasia

4.2.1. Implicit-statistical learning relates to linguistic measures

ISL mechanisms are only considered to be recruited in domains that
require exploitation of patterned regularities, such as syntactic pro-
cessing but not lexical recall. Consequently, our working hypothesis
regarding the second research question was that ISL mechanisms would
correlate to the syntactic impairment, but not lexical impairment in
aphasia. For this reason, we tested all PWA on two language measures
—syntactic and lexical abilities—for confirmation of our hypothesis.
Our findings revealed that the learning effect on the offline VSL 2-AFC
task correlated with syntactic deficits in aphasia. While most ISL
studies on aphasia have operated under hypotheses akin to our own-
—that the deficits in syntax are directly linked to the deficits in ISL
abilities of patients—their empirical evidence has consisted of a
convergence of deficits (except for Dominey et al., 2003, the lack of
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methodological details in this study are discussed in section 1.4). We
consider this a key finding of our study that is in line with the direct link
between syntactic processing and ISL mechanisms reported in healthy
populations (e.g. Conway et al., 2010; Misyak and Christiansen, 2012).
Furthermore, despite the overwhelming research focus on ISL and child
language acquisition (Daltrozzo et al., 2017), we further corroborate
that ISL mechanism are important to adult language processing (see
Kidd et al., 2018 for a detailed discussion).

While the correlation effect between visual ISL task and syntactic
deficits was significant, it was of low strength. Therefore, we only
carefully suggest that our findings provide some evidence for the models
that assert that language deficits in aphasia are at least partially caused
by domain-general mechanisms such as ISL mechanisms, working
memory, attention, or processing limitations (see Caplan, 2006 for a
review).

4.2.2. Domain-generality of implicit-statistical learning

We want to emphasize that the magnitude of the learning effect on
VSL task correlated only to syntactic impairment in aphasia and we
found no evidence of a correlation between the learning effect and
lexical impairment in aphasia. This finding supports the notion that,
while domain-general ISL mechanisms support language processing in
aphasia, they are recruited on a selective basis in language modules that
require exploitation of patterned regularities. Our findings are impor-
tant for debates of domain-generality of ISL functions (Frost et al., 2015;
Siegelman et al., 2017). Current theoretical consensus is that ISL
mechanisms operate as independent computational mechanisms but are
subjected to some constraints of domains, pointing towards the coexis-
tence of domain-general and domain-specific mechanisms (see Frost
et al., 2015 for a discussion). Our data shows a direct correlation be-
tween impairment in syntax and ISL abilities. We refrain from drawing
strong conclusions of complete domain-independence of ISL mecha-
nisms, as our evidence based on two tasks is insufficient in this regard.
Our findings permit us to articulate the suggestion that visual and lin-
guistic ISL mechanisms partially overlap.

4.3. Brain behavior relations in aphasia

Interestingly, behavioral linguistic profiles were better able to ac-
count for the learning effect on VSL task than anatomical profiles in this
study. We identified a behavioral overlap (as measured by the VSL and
linguistic tests), but no anatomical overlap (as measured by the VSL and
lesion location) in the present study. This is most likely caused by the
heterogeneity of both size and exact location of the lesion. Our study
included 13 patients, which is inadequate for a significant lesion over-
lap; furthermore, no matching based on the size of the lesion was per-
formed. Stroke-induced lesions in Broca’s aphasia rarely affect discrete
areas, and tend to extend well beyond the language-associated Broca’s
area (Dronkers et al., 2004). Therefore, any conclusions regarding the
localization of ISL mechanisms warrant cautious interpretation. We
posit that coarse lesion information, such as in Christiansen et al. (2010),
Dominey et al. (2003) or Zimmerer et al. (2014) is insufficient to draw
conclusions regarding localization of ISL mechanisms. These conclu-
sions should be relegated to fine-grained neurolinguistic methods, such
as those applied in Cope et al. (2017), wherein lesion overlay with 3D
atlases was used or the voxel-based lesion-symptom mapping (Bates
et al., 2003).

4.4. Limitations of the study

Starting with the patient population, the most pertinent limitation of
the present study is a small number of participants and an uneven group
size. In the same vein, our study did not control for some relevant de-
mographic variables, such as the age and the education of PWA and
controls. It has been suggested that, in cases of aphasia, these variables
could influence severity and recovery time (Ellis and Urban, 2016).
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Lastly, our study entails two clinical limitations: the differences in time
post-stroke, and the differences in therapy stage. Unfortunately, these
clinical factors were outside the scope of the current study. With regards
to the first clinical limitation, the potential interaction of longitudinal
aphasia changes (both positive and negative) with ISL mechanisms re-
mains unexplored. Importantly, our study used a single time point
measurement of two functions; therefore, we hypothesize that the effect
of differences in time post-stroke has been minimal. Turning to the
second clinical limitation, it is possible that differences in therapy stage
diminished our results, as some patients have received substantially
more language therapy targeting some of the relevant linguistic pro-
cesses that we tested, which led to higher linguistic scores in some pa-
tients. Nonetheless, our results were significant. Future studies could
include PWA that are not undergoing therapy.

Turning to the testing paradigm used, the VSL task is a popular task
for measuring the capacity of individuals to apprehend statistical reg-
ularities from a given input (e.g. Daltrozzo et al., 2017; Siegelman et al.,
2017). Our results show discrepancy between the online and offline
findings (this was not statistically tested). Fig. 3 shows that all partici-
pants (controls and PWA) demonstrated learning on a 3-AFC task;
however, no online learning effect was detected at the level of the entire
group (section 3.1). We argue, in accordance with previous research (e.g.
Siegelman et al., 2016), that the online component may not be suffi-
ciently sensitive to measure participants’ learning of statistical regu-
larities in the task. This is supported by the results in van Witteloostuijn
etal. (2019b), where authors failed to replicate the online learning effect
identified in van Witteloostuijn et al. (2019a) in a different population.
It is also plausible that the handedness procedure (all participants, PWA
and controls were right-handed but instructed to complete the experi-
ment with their left-hand) induced excessive variation in the RT’s and
impeded detection of the learning effect.

In addition, we cannot discard the possibility that participants in our
study resorted to verbal (e.g. lexical-semantic verbalization of alien
features) or non-verbal (e.g memorization) strategies during the online
familiarization phase, as we did not administer an exit questionnaire to
our participants. However, descriptive findings of the exit questionnaire
from the original study by van Witteloostuijn et al. (2019a) failed to
demonstrate any systematic strategy applied by children when
completing this task. The stimuli in this study consists of only four
triplets and it could be argued that it is in the range of possibility to
memorize such a small number of triplets. Importantly, during stimuli
presentation the participant does not see individual triplets but only ‘a
sequence of triplets’ (e.g ABCGHIDEFABCJKLDEFJKLGHI). While any
participant must memorize the internal structure of the triplet (e.g
ABQ), this is not possible without disambiguation of the external
boundary of each triplet (e.g. F-ABC-J), which we argue is accomplished
via implicit-statistical learning. Nonetheless, future studies should strive
to supplement the testing paradigms by exhaustive cognitive assessment
of patients (e.g verbal and non-verbal IQ, memory, processing speed,
attention). It has been suggested that ISL mechanisms are of ‘multi--
component nature’ (Arciuli, 2016) and therefore, it is plausible that
unrelated cognitive dysfunctions of attention, processing speed or
working memory have impacted our results.

5. Conclusion

In the present study we tested implicit-statistical learning in aphasia.
We collected both anatomical (i.e. lesion location) and behavioural (i.e.
linguistic deficits) data from all patients and compared them to the
magnitude of the learning effect on a visual statistical learning task. We
extend current theoretical knowledge of ISL in two ways. Our first key
finding regarding the hypothesized anatomical link between ISL mech-
anisms and lesion location remained unsupported, and we demonstrate
that patients whose LIFG regions were spared, but whose posterior re-
gions were in fact lesioned, manifest impaired ISL mechanisms. Impor-
tantly, ISL mechanisms are not completely absent in aphasia. Our second
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key finding is that the magnitude of the learning effect on the VSL task
weakly correlates to the impairment in syntactic abilities, but not to the
impairment in lexical abilities. This is a pertinent result, as it suggests
that a) domain-general ISL mechanisms at least partially overlap with
mechanisms recruited in language processing and b) these ISL mecha-
nisms are recruited in the linguistic modules that require exploitation
and manipulation of patterned regularities. This was first demonstrated
in typical language processing (Conway et al., 2010; Daltrozzo et al.,
2017), and we validate that the same correlation holds in impaired
language processing in aphasia. Turning to possible clinical implications
that can be derived from our findings, it is promising that ISL mecha-
nisms are not completely absent in aphasia. This holds potential for
re-learning of damaged linguistic structures and subsequent exploitation
of these structures in communication.
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