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Abstract

Lesion-symptom studies in persons with aphasia showed that left temporoparietal damage, but surprisingly not prefrontal
damage, correlates with impaired ability to process thematic roles in the comprehension of semantically reversible sentences
(The child is hugged by the mother). This result has led to challenge the time-honored view that left prefrontal regions are
critical for sentence comprehension. However, most studies focused on thematic role assignment and failed to consider
morphosyntactic processes that are also critical for sentence processing. We reviewed and meta-analyzed lesion-symptom
studies on the neurofunctional correlates of thematic role assignment and morphosyntactic processing in comprehension
and production in persons with aphasia. Following the PRISMA checklist, we selected 43 papers for the review and 27 for
the meta-analysis, identifying a set of potential bias risks. Both the review and the meta-analysis confirmed the correlation
between thematic role processing and temporoparietal regions but also clearly showed the involvement of prefrontal regions
in sentence processing. Exploratory meta-analyses suggested that both thematic role and morphosyntactic processing cor-
relate with left prefrontal and temporoparietal regions, that morphosyntactic processing correlates with prefrontal structures
more than with temporoparietal regions, and that thematic role assignment displays the opposite trend. We discuss current
limitations in the literature and propose a set of recommendations for clarifying unresolved issues.

Keywords Morphosyntactic processing - Thematic role assignment - Sentence processing - Neuropsychological assessment
of language abilities - Lesion-symptom mapping - Aphasia

Introduction

Sentence processing disorders are a common occurrence
in aphasia. Throughout the years, they have given cogni-
tive neuroscientists the opportunity to query the functional
architecture of the language system and to investigate its
neural correlates.

Until the second half of the twentieth century, research
studies on sentence-processing disorders focused on agram-
matic speech (e.g., Goodglass et al., 1972; Tissot et al.,
1973). These studies either neglected to study comprehension
or implicitly took it to be completely independent from pro-
duction (Lenneberg, 1973; Locke et al., 1973). This approach
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was challenged by papers showing that aphasic disorders
also affect sentence comprehension and that grammatical
difficulties in comprehension and production often (but, not
always) co-occur in the same individual (Caramazza & Zurif,
1976). Two critical aspects of sentence processing, involved
in both comprehension and production, have attracted atten-
tion, namely the assignment of thematic roles (e.g., theme,
agent; see section “The Assignment of Thematic Roles”)
and the processing of morphosyntax (e.g., free-standing
and grammatical morphemes; see section “Morphosyntactic
Processes”).

The Assignment of Thematic Roles

Thematic role assignment is necessary to establish who
does what to whom, that is, to identify the agent (the doer)
and the theme (the recipient) of the action. This goal is
easily achieved in semantically irreversible sentences, in
which agent and theme can be assigned by encyclopedic
knowledge, even if syntactic analysis is disrupted. For

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11065-024-09648-0&domain=pdf
http://orcid.org/0009-0001-2258-6845
http://orcid.org/0000-0002-8835-094X
http://orcid.org/0000-0003-3039-1500

484

Neuropsychology Review (2025) 35:483-516

example, given the act of eating, a boy and an apple, only
a sentence like The boy is eating an apple or The apple
is eaten by the boy makes common sense. Thematic role
assignment is more demanding in the case of semantically
reversible sentences, in which more than one noun can be
the doer or the receiver of the action. For example, given
a man, a woman and the act of hugging, both The man is
hugging the woman and The woman is hugging the man
are plausible events. In this case, properly comprehending
or producing the sentence that describes the event requires
syntactic knowledge of thematic role assignment. With
active reversible sentences, processing is facilitated by
the fact that word order is “canonical” — in subject-first
languages, the “first noun bias” leads to assigning the role
of agent to the first noun and that of theme to the second
(hence, The woman is hugging the man if the woman is
the doer) (Ferreira, 2003; Grodzinsky, 2000; Meyer et al.,
2012). By contrast, the assignment of thematic roles in
both comprehension and production alike is more demand-
ing when a reversible sentence is in the passive voice,
like in The man is hugged by the woman, as in this case
word order is “non canonical”, due to a mismatch between
superficial and deep sentence structure. In fact, in passives
of subject-first languages, the first noun is the grammatical
subject but takes the theme role, and the second noun is
the agent complement but takes the agent role.

The results of research in persons with aphasia focus-
ing on reversible sentence processing are fully consist-
ent with the previous considerations. The comprehension
of irreversible sentences was found to be substantially
spared in these individuals, in the face of substantial
problems with reversible stimuli (e.g., Berndt et al.,
1996; Caplan & Futter, 1986; Caramazza & Zurif, 1976;
Grodzinsky, 1986; Heilman & Scholes, 1976). Difficul-
ties were usually more pronounced for passive than for
active sentences (e.g., Brookshire & Nicholas, 1980;
Meyer et al., 2012), even though thematic role reversals
were observed also in response to actives (e.g., Berndt
et al., 1996; Caramazza et al., 2005; Saffran et al., 1980).
Difficulties with thematic analysis were observed irre-
spective of the canonical word order in the language
examined. They were reported in SVO languages like
English (Schwartz et al., 1980), Italian (e.g., Caramazza
et al., 2005), German (e.g., Ditges et al., 2021), Dutch
(e.g., Wassenaar & Hagoort, 2007), and Icelandic (e.g.,
Magnusdottir et al., 2013), but also in SOV languages
like Japanese (Hagiwara & Caplan, 1990; Kinno et al.,
2014), Korean (Kim et al., 2010), Persian (Shiani et al.,
2019), and Malay (Aziz et al., 2020). In each case, sen-
tences with non-canonical word order were affected more
than sentences with canonical word order.
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Morphosyntactic Processes

In addition to thematic role assignment, the integrity of
morphosyntactic processes is also a prerequisite for cor-
rect sentence elaboration. The complexity of morphologi-
cal processes differs across languages. In English, they are
critical for encoding active/passive sentence voice, sub-
ject/verb agreement, tense, pronouns, prepositions, etc. In
morphologically richer languages, they can additionally
indicate, for example, which noun is modified by an adjec-
tive, or specify the grammatical case.

Research on aphasia has repeatedly documented mor-
phosyntactic difficulties. Agreement violations, morpho-
logically incorrect nominal, adjectival and verbal forms,
omissions and (less frequently) substitutions of auxiliary
verbs, clitic pronouns, determiners, and prepositions have
been attested countless times in the spontaneous speech of
“agrammatic” speakers. Morphosyntactic errors in speech
have been reported in a variety of languages, including
English (Saffran et al., 1989), Italian (e.g., Miceli et al.,
1989), German (e.g., Bates et al., 1988), French (e.g.,
Nespoulous et al., 1988), Turkish (e.g., Slobin, 1991),
Dutch (e.g., Bastiaanse, 1995), and Persian (e.g., Nilipour
& Raghibdoust, 2001). Various patterns of morphosyntac-
tic impairment were also reported, in French (Tissot et al.,
1973), English (Saffran et al., 1989), and Italian (Miceli
et al., 1989). For extensive corpora of “agrammatic”
speech errors in 26 languages, see Menn et al. (1990).
Difficulties in comprehending morphosyntactic sentence
features were reported less frequently (Dick et al., 2001;
Fyndanis et al., 2013; Thompson & Mack, 2014).

Disorders of thematic and morphosyntactic processing
typically co-occur in the same aphasic individual. In these
cases, the nature of grammatical errors remains elusive.
For example, when required to produce a passive revers-
ible sentence like The cook is pushed by the waiter, a per-
son with aphasia with severe morphosyntactic damage
might make an error like cook ... push ... waiter, which
may be interpreted as being thematically deviant, mor-
phosyntactically deviant, or both. Even though thematic
and morphosyntactic deficits are typically associated,
dissociations have been described in single-case reports.
Thematic role processing was selectively damaged both in
production and in comprehension (Caramazza & Miceli,
1991; Miozzo et al., 2008; see also Maher et al., 1995),
and morphosyntactic processes were selectively disrupted
in speech (e.g., Miceli et al., 1983; Thompson et al., 2002;
Tissot et al., 1973). These observations, albeit rare, sug-
gest that the two sets of processes involve partly separable
neural substrates, whose characterization has been at the
forefront of research on language in the past several years.



Neuropsychology Review (2025) 35:483-516

485

The Search for the Neural Correlates of Thematic
Role Assignment and of Morphosyntactic Processing

Meta-analyses of neuroimaging studies in cognitively unim-
paired participants show that the brain network subserv-
ing sentence processing extends from anterior to posterior
fronto-temporoparietal regions of the left hemisphere (e.g.,
Demonet et al., 2005; Price, 2012; Walenski et al., 2019).
The same neurofunctional correlates have been explored also
in lesion studies with brain-damaged populations (e.g., Kris-
tinsson et al., 2020; Magnusdottir et al., 2013; Pillay et al.,
2017; Rogalsky et al., 2018; Thothathiri et al., 2012). In
these investigations, deviant performance and lesion site are
correlated both in individual cases and in large case series,
in order to identify the brain structures critical for the cogni-
tive process(es) under examination.

Lesion-symptom correlation studies on disorders of the-
matic role assignment in reversible sentences in persons with
aphasia showed the involvement of posterior regions of the
left hemisphere (Dronkers et al., 2004). The critical structures
included the anterior and posterior portions of the superior
and middle temporal gyri (Magnusdottir et al., 2013; Pillay
et al., 2017; Rogalsky et al., 2018), the supramarginal and the
angular gyrus (Meltzer et al., 2013; Thothathiri et al., 2012).
These observations converge with findings of neuroimaging
studies (Bornkessel et al., 2005; Mack et al., 2013; Meltzer-
Asscher et al., 2013; Richardson et al., 2010) and transcranial
magnetic stimulation investigations (Finocchiaro et al., 2015;
Vercesi et al., 2020) in neurotypical subjects.

Strikingly, the same studies failed to reveal a similar asso-
ciation between reversible sentence processing and the left
prefrontal regions. Traditionally, the posterior two-thirds
of the inferior frontal gyrus (Brodmann Area 44/45) have
been considered to be critical for language functions in gen-
eral, and specifically for sentence processing (e.g., Caplan
et al., 1996, 1998; Carreiras et al., 2012; Chang et al., 2018;
Dapretto & Bookheimer, 1999; Friederici et al., 2003; Moro
et al., 2001; Stromswold et al., 1996; Zurif et al., 1993).
Due to the failure to correlate the left inferior frontal gyrus
and sentence processing in lesion-symptom mapping stud-
ies, the functional role of this region has become a matter of
debate. Different authors have claimed that the left inferior
frontal gyrus is rather involved in extra-linguistic abilities
(e.g., working memory, Baldo & Dronkers, 2006; Kaan &
Swaab, 2002; Pettigrew & Hillis, 2014) or in domain-general
processes (e.g., cognitive control, Novick et al., 2005; Rogal-
sky et al., 2018; decision making, Caplan et al., 2008).

Interestingly, however, the conclusions on the lack of cor-
relation between the left inferior frontal gyrus and sentence
comprehension were based on lesion-symptom mapping
studies that focused almost exclusively on thematic role
assignment and did not consider morphosyntactic processes,

even though, as noted above, these are as critical as thematic
analysis for sentence processing.

To help disentangle controversies regarding the neuro-
functional correlates of sentence processing and more clearly
delineate the functional role of the left prefrontal and tempo-
roparietal regions, we systematically reviewed the literature
on sentence processing difficulties in persons with aphasia.
We considered lesion-symptom mapping studies that inves-
tigated impairments of thematic role assignment and/or of
morphosyntactic processing. In our survey, we considered
several dimensions: the neuropsychological tasks and meas-
ures used as correlation variables, the sentence processing
component under scrutiny (i.e., thematic vs morphosyntac-
tic), the response modality (i.e., sentence comprehension vs
production), the etiologies underlying the aphasic disorders
that resulted in poor sentence comprehension, and the lan-
guages examined. We also set out to complement the system-
atic literature review with a coordinate-based meta-analysis
identifying the convergence of lesion-symptom correlations
across studies. The pooled set of papers was sufficiently large
to license the meta-analysis of the overall convergence effect.
However, due to the scarcity of eligible studies, meta-analy-
ses that contrasted the investigations focused specifically on
thematic role assignment with those focused specifically on
morphosyntactic processing were not supported by adequate
statistical power (Eickhoff et al., 2016). They will be reported
here, albeit for exploratory purposes only.

Materials and Methods
Systematic Literature Review: Study Selection

The literature search and selection of the papers were con-
ducted according to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines
(Page et al., 2021). All the papers published until September
2022 and available on PubMed, Google Scholar, and Web of
Science were considered in the database search. Additional
articles were identified through the references cited in the
retrieved papers, through the “Similar articles” function in
PubMed (Fig. 1).

Studies were identified based on the following criteria:

Inclusion criteria:

e Investigation of persons with aphasia with deficits in
either thematic role assignment or morphosyntactic pro-
cessing following stroke, primary progressive aphasia,
glioma, or traumatic brain injury

e Collection of structural neuroimaging data through mag-
netic resonance imaging (MRI), computed tomography,
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Fig. 1 PRISMA flowchart for
the literature search and selec-
tion process. Blue rectangles

Database (n =2199): 1992 from PubMed; 168
from Google Scholar; 39 from Web of Science
Bibliography (n = 20)

Exclusion of duplicates

Ve

describe the. selection steps, red “Similar articles” section of the included papers on (n=776)
frames specify the reasons for _
. . PubMed (n =2)
exclusion, while green shaded / ~
rectangles highlight the papers Papers excluded, with reasons
of interest for the system- v (n = 1290)
atic literature review and the
Papers screened -
coordinate-based meta-analysis, P = 1445 2 No full-tex? (n=06)
respectivel (n ) e No translation (n = 39)
P y e Different topic (n = 1245)
-
/ Excluded, with reasons \
(n=112)
Papers assessed for eligibility N No explicit lesion-behaviour
=155
(n ) correlation (n = 67)
\o Different method (n = 45)
\ 4 4
Papers of interest included in the review N 2127;;?;;2252:;?}22?16_;2 ::i-
=5y analyses (n = 8)
(& J/
- P luded from th A
- - apers excluded from the meta-
Papers reporting whole-brain data analysis because lacking coordinates
(n=35) (=8
— J
\—;
A4 \\;
Papers reporting coordinates Papers with coordinates supplied by authors
(n=20) n=7)
—

(n=27)

Papers included in the meta-analysis

computerized axial tomography, or positron emission
tomography

Correlation measures derived from cognitive tasks focus-
ing on thematic role assignment and/or morphosyntactic
processing

Analysis of lesion-symptom correlations, using methods
such as voxel-based lesion-symptom mapping (VLSM;
also called voxel-based lesion-behavioral mapping-
VLBM); support vector regression-lesion symptom map-
ping (SVR-LSM), or voxel-based morphometry (VBM)

Additional inclusion criteria for the meta-analysis:

Report of standardized (either in Montreal Neurologi-
cal Institute (MNI) or Talairach space) brain coordinates
showing a correlation between brain lesions and lan-
guage impairment;

Whole-brain analyses, i.e., analyses that did not exclude
any portions of the left-hemispheric cortical lesion vol-
umes;
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Exclusion criteria:

e No access to full text;
e Paper published in a language other than English, Italian,
German, or French, and lacking translation;

Additional exclusion criteria for the meta-analysis:
e Regions of Interest (ROI)-based analyses

The following keyword combinations were entered in the
literature search databases:

(aphas*) AND ((“brain damage”) OR (“brain injury”’) OR
(“brain lesion”) OR (“head damage”) OR (“head injury”)
OR (stroke) OR (encephalitis) OR (lesion) OR (injury) OR
(patient*) OR (“brain tumor*”’) OR (glioma*) OR (“cerebral
tumor*””) OR (“resective surgery”’)) AND ((morphosynta*) OR
(synta*) OR (morpholog*) OR (“inflectional morphology”’) OR
(inflection*) OR (agreement) OR (gramma*) OR (“syntactic
disorder”) OR (“sentence structure”) OR (“phrase structure”)
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OR (“thematic roles”’) OR (“thematic roles assignment”) OR
(“verb argument structure”) OR (“reversible sentence*””) OR
(reversibility) OR (“canonical sentence*”) OR (‘“non-canoni-
cal sentence*”) OR (passive*) OR (thema) OR (agent)) AND
((neuroimaging) OR (“magnetic resonance”) OR (neuroana-
tomic) OR (mri) OR (pet) OR (ct) OR (cat)) AND ((“‘voxel-
based lesion symptom mapping””) OR (VLSM) OR (“lesion-
symptom mapping”’) OR (“lesion symptom mapping”’) OR
(LSM) OR (“lesion-behavior mapping”) OR (“lesion behav-
ior mapping”) OR (LBM) OR (“voxel-wise lesion-symptom
mapping”) OR (“voxel wise lesion symptom mapping”’) OR
(“voxel-based morphometry””) OR (VBM) OR (*“support vec-
tor regression lesion-symptom mapping”) OR (“support vec-
tor regression lesion symptom mapping”) OR (SVR-LSM) OR
(“multivariate lesion symptom mapping”) OR (“multivariate
lesion-symptom mapping”) OR (MLSM) OR (“ROI-based
lesion-symptom mapping”) OR (“ROI based lesion symptom
mapping”) OR (RLSM) OR (“multivariate lesion-behavior
mapping”) OR (“multivariate lesion behavior mapping”)).

Three authors (S.B., G.B., M.T.) contributed to the lit-
erature search and paper selection. All the authors double-
checked data in case of discordance or uncertainty and
resolved these cases through joint discussion.

A total of 2199 papers were initially retrieved through
these keyword combinations. After the exclusion of dupli-
cates (n=776), there remained 1445 articles, which we
screened based on inspection of their titles and abstracts.
A total of 1290 papers was excluded at this step, because
they either lacked the full text (n=6); were written in a
language other than English, Italian, German, or French
and lacked translation (n=239); and dealt with a different
topic (n=1245). The 155 remaining studies were further
screened based on an inspection of their full texts. This led
to exclude 112 papers that either lacked a lesion-symptom
correlation (n=67) or used a different method (n=45). At
the end of these selection steps, 43 eligible papers remained
that focused on sentence processing, and more specifically

on thematic role assignment or morphosyntactic processing
considered in isolation, or on both thematic role assignment
and morphosyntactic processing (criteria for classifying the
studies are listed in Table 1). These 43 papers were included
in our systematic literature review (Table 2). The behavioral
tests and correlation variables, as well as the neuroimaging
acquisition and analysis methods reported in the selected
papers, are summarized in Tables 3 and 4.

The 43 papers retained for review were further screened
for eligibility for our coordinate-based meta-analysis. This
led to excluding 8 studies that employed ROI-based rather
than whole-brain analyses. Of the remaining 35 papers, 15
did not report standardized brain coordinates, but for 7 of
these, the coordinates were obtained via direct request to
the authors. The remaining 8 papers, for which standardized
brain coordinates could not be obtained, were excluded. As
a result of this selection procedure, we were left with 27
eligible papers for our meta-analysis (Table 2). Our selection
of studies is subject to several risks of bias, including the
following: mean age and mean education level of the study
sample, which are not always reported (Table 2); handedness
characteristics, which are heterogeneous (Table 2); etiology
of the lesions, which differs within and between studies
(Table 2); the inclusion of partially overlapping samples in
some of the studies (Table 2); the heterogeneity of stimuli
and tasks used to assess language abilities (Table 3); the
combination of different neuroimaging techniques, namely
either magnetic resonance imaging or computed tomog-
raphy (Table 4); the variability of lesion-symptom corre-
lation analysis methods across studies (Table 4); the bias
inherent in ROI analyses, that implicitly leaves out brain
regions (Table 4; note that studies resorting to ROI analysis
were not included in our meta-analyses); the inconsistent
consideration of the influence of lesion volume on lesion-
symptom correlations (Table 4). We discuss these risks of
bias more extensively in the “Discussion” and the “Limita-
tions” sections.

Table 1 Definition of the criteria employed to classify studies based on the linguistic components they tested, with some relevant examples

Category Description

Examples

TR Task/measure specifically addressing TR, or involving some
aspects of TR

MS Task/measure specifically addressing MS, or involving some
aspects of MS

TR+MS Task/measure addressing both TR and MS, or involving some

aspects of both

TR reversal in a sentence-picture matching task including one TR
reversal foil; TR reversal in a sentence-picture matching task
involving two alternative foils (target picture, TR reversal foil,
foil involving a different distractor (e.g., lexical))

Agrammatic errors (omission of function words and morphemes,
simplification of sentence structure, wrong word forms, wrong
word order) in a story retelling task; Mean length of utterances
(morphemes) in a spontaneous speech production task

Total score of TR and MS errors in a sentence-picture matching
task with one alternative foil; Total score of TR and MS errors
in a sentence-picture matching task involving two alternative
foils or more

TR thematic role assignment, MS morphosyntactic processing

@ Springer
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Table 3 Description of the tasks entering the different experiments

A

Study

Ash et al., 2013

Ash et al., 2015

Borovsky et al., 2007

Canu et al., 2019

Charles et al., 2014

DeLeon et al., 2012

den Ouden et al., 2019

Faroqi-Shah et al., 2014

Grossman et al., 2013

Task(s) for each statistical comparison considered in our literature review and ~ Category = Modality
meta-analysis

Task name (bibliographical reference).

[Linguistic measure(s) of interest correlated with lesions.]

Picture description MS P
Cookie theft picture (Goodglass & Kaplan, 1983).
[Composite grammaticality score: average of Z-scores for mean length of

utterance in words, number of dependent clauses per utterance, and percent

of well-formed sentences. |

Story telling MS P
"Frog, Where Are You?" picture book (Mercer Mayer, 1969).
[Percentage of utterances that were grammatically well-formed sentences. ]

Spontaneous speech production MS P
Experimental task developed by Borovsky et al. (2007).
[Mean length of utterance in morphemes. ]

Sentence anagram task TR+MS P
Northwestern Anagram Test (Italian version, NAT-I; Canu et al., 2019).
[- Total NAT-I score computed from active and passive sentences, complex
active sentences, object-extracted questions;
- Non-canonical score computed from passive sentences, object-extracted
questions. |
Sentence-picture matching task TR C
Experimental task developed by Charles et al. (2014).
[Percent correct responses in sentence comprehension of:
- Cleft sentences;
- Center-embedded sentences. |

Sentence completion task MS P
Elicited production task (Goodglass et al., 1972).
[Accuracy on targeted structures: imperative, declarative with 3" person

present agreement, yes or no interrogative in past tense, wh-interrogative

declarative in past tense, future, declarative with embedded small clause,

passive in past tense, and comparative sentences]

Picture description MS P
Cookie theft picture (Kertesz, 2007).
[Categorical variable indicating patients with an “agrammatic pattern of

morphosyntactic reduction”: omission and substitution of grammatical

morphemes (verb inflection: tense and agreement errors, plural markers),

articles, prepositions. |

Primed sentence production task TR+MS C/P
Sentence Production Priming Test (SPPT; Cho-Reyes & Thompson, 2012).
Sentence-picture matching task
Sentence Comprehension Test (SCT; Cho-Reyes & Thompson, 2012).
Verb argument structure production in sentence context
Argument Structure Production Test (ASPT; Cho-Reyes & Thompson, 2012).
[Total score computed from active and passive sentences, subject- and object-
extracted wh-questions, subject and object relative clauses, and verb forms
that included one- two- three-argument verbs. |

Picture description TR+MS P
Picture Description (PAL, subtest 14; Caplan, unpublished).
[Accuracy on target syntactic structure conveying thematic roles and attribu-

tion of modification computed from active and passive sentences, dative

active and passive, subject and object relative sentences (covariates: non-

word repetition task performance and picture naming task performance).]

Picture description MS P
Cookie theft picture (Goodglass & Kaplan, 1983).
[Percentage of grammatically well-formed sentences. |

Language

English

English

English

Ttalian

English

English

English

English

English

@ Springer



492 Neuropsychology Review (2025) 35:483-516

Table 3 (continued)

Henry, 2009 Primed sentence production task TR+MS  C/P English
Sentence Production Priming Test (SPPT; Cho-Reyes & Thompson, 2012).
Sentence-picture matching task
Sentence Comprehension Test (SCT; Cho-Reyes & Thompson, 2012).

Verb production task

Verb Naming Test (VNT; Cho-Reyes & Thompson, 2012).

Verb-picture matching task

Verb Comprehension Test (VCT; Cho-Reyes & Thompson, 2012).

Sentence production with arguments

Argument Structure Production Test (ASPT; Cho-Reyes & Thompson, 2012).

[Syntactic composite score: average of correct percent in active and passive
sentences, subject- and object-extracted wh-questions, subject and object
relative clauses. Verb forms included one- two- three-argument verbs. |

Kamminga et al., 2016 Sentence—picture matching task TR+MS C English
Abbreviated-TROG (selection of 2 out of 4 sentences for each block; Bishop, 1989).
[Abbreviated-TROG total score computed from different types of sentences
with single nouns, verbs, and adjectives, combined in various ways. |

Kim et al., 2010 Question comprehension task TR C Korean
Korean Syntactic Comprehension Test (KSCT; Kim et al., 2010).
[KSCT total score computed from different syntactic morphemes from those in
the original sentence and the constant or altered word order was used in the
question. |
Kinno et al., 2009 Sentence-picture plausibility task TR C Japanese
Experimental task developed by Kinno et al. (2009).
[- Error rates on passive (non-canonical and subject-initial passives) sentences
(covariate: active (canonical and subject-initial actives) sentence score);
- Error rates on scrambled (non-canonical and object-initial scrambled) sen-
tences (covariate: active sentence score). |

Lukic et al., 2017 Sentence-picture matching task TR C English
Sentence Comprehension Test (SCT; Cho-Reyes & Thompson, 2012).
[SCT score computed from active and passive sentences, subject- and object-
extracted wh-questions, subject and object relative clauses. ]

Lukic et al., 2020 Sentence-picture matching task TR C English
Sentence Comprehension Test (SCT; Cho-Reyes & Thompson, 2012).
[- Total SCT score computed from canonical sentences (active, subject-
extracted wh-questions, subject relative clauses) and non-canonical
sentences (passive, object-extracted wh-questions, object relative clauses)
(covariate: verb comprehension score);
- Total SCT score (covariate: sentence production score);
- Non-canonical sentence score (covariate: canonical sentence score).]

Primed sentence production task TR+MS P
Sentence Production Priming Test (SPPT; Cho-Reyes & Thompson, 2012).
[- Total SPPT score computed from canonical sentences (active, subject-
extracted wh-questions, subject relative clauses) and non-canonical
sentences (passive, object-extracted wh-questions, object relative clauses)
(covariate: verb production score);
- Total SPPT score (covariate: sentence comprehension score);
- Non-canonical sentence score (covariate: canonical sentence score). |

Magnusdottir et al., 2013 Sentence-picture matching task TR C Icelandic
Experimental task developed by Magnusdottir (2005).
[- Non-canonical sentence score computed from passive sentences, cleft sen-
tences with object gap, referential wh-question with object gap and main verb;
- Non-canonical sentence score (covariate: canonical (active declaratives,
cleft sentences with subject gap, referential wh-question with subject gap and
main verb) sentence score).]

Matchin et al., 2020 Story telling MS P English
"Cinderella" story picture book (Grimes, 2005).
[- Agrammatism score: errors on functional word, morpheme omission,
reduced sentence complexity (covariate: words per minute score);
- Paragrammatism score: grammatical errors or sporadic omissions with a
general presence of functional elements (covariate: words per minute score). ]
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Table 3 (continued)

Matchin et al., 2022

Meltzer et al., 2013

Mirman et al., 2019

Peelle et al., 2008

Pillay et al., 2017

Rogalsky et al., 2018

Thothathiri et al., 2012

Tyler et al., 2011

Wilson et al., 2010a

Wilson et al., 2016

Picture description MS P
Cookie theft picture (Kertesz, 2007).
Story telling
"Cinderella" story picture book (Grimes, 2005).
[Expressive agrammatism score: errors on functional word, morpheme omis-
sion, reduced sentence complexity. |

Sentence-picture matching task TR C
Experimental task developed by Magnusdottir (2005).
Sentence Comprehension Test (SCT; Cho-Reyes & Thompson, 2012).
[Syntactic comprehension measure: the average performance on object-
extracted clefts, object-extracted relative clauses, and object-extracted Wh-
questions (covariate: performance on simple, semantically reversible active
sentences). |

Sentence-picture matching task TR C
Experimental task developed by Meltzer & Braun (2011).
[Syntactic comprehension score computed from reversible non-complex sentences.]

Story retelling MS P
"Cinderella" story or familiar fairy tale
[Proportion of words per sentence. ]

Question comprehension task TR C
Experimental task developed by Grossman et al. (1996).
[- Sentence comprehension score computed from subject—verb—object sen-
tences, subject and object-relative embedded clauses;
- Sentence comprehension score (covariate: working memory task performance). ]

Sentence-video plausibility task TR C
Auditory Sentence Comprehension (ASC; Westbury, 2015).
[ASC accuracy score (covariate: picture naming task performance).]

Sentence—picture matching task TR C

Subject-relative, Object-relative, Active, and Passive (SOAP; Love & Oster, 2002).

Sentence plausibility judgement task

Plausibility judgment task (Rogalsky, 2018).

[- Total SOAP score computed from canonical (actives, subject-relative) and
non-canonical sentences (passives, object relatives);

- Non-canonical sentence SOAP score (covariate: canonical sentence score);

- Total plausibility judgements score computed from passive, active, subject-
relative, and object-relative;

- Non-canonical sentence plausibility judgements score (covariate: canonical
sentence score). |

Sentence-picture matching task TR C
Sentence-picture matching task from the Philadelphia Comprehension Battery
(PCB; Saffran et al., 1988).
[- Total score computed from canonical sentence (actives, subject relative
clauses) and non-canonical sentence (passives, object relative clauses);
- Total score (covariate: nonword repetition task performance);
- Total score (covariate: rhyme probe spans task performance);
- Non-canonical sentence score. |

Sentence-picture matching task TR C
Experimental task developed by Ostrin & Tyler (1995).
[Role reversal errors computed from active and passive sentences. ]

Sentence plausibility judgement task TR+MS C
Experimental task developed by Tyler et al. (2011).
[Unacceptable judgements computed from ambiguous sentences (agreement

violation) (covariate: unambiguous sentence score).]

Picture description MS P
Picnic picture (Kertesz, 1982).
[Syntax principal component: proportion of words in sentences, ungrammati-

cal sentence, e.g., missing determiners and inflections. ]
Sentence-picture matching task TR C
Experimental task developed by Wilson et al. (2010b).
[Accuracy score computed from short active and passive sentences, long easy,

long, medium and long hard sentences. ]

English

English

English

English

English

English

English

English

English

English
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Table 3 (continued)

B

Study Task(s) for each statistical comparison considered in our literature review Category Modality Language
Task name (bibliographical reference).
[Linguistic measure(s) of interest correlated with lesions. |

Amici et al., 2007 Sentence-picture matching task TR C English

Curtiss-Yamada Comprehensive Language Evaluation — Receptive (CYCLE-
R)11 subtests(Curtiss & Yamada, Unpublished Test, UCLA).

[- Total CYCLE-R score computed from simple declaratives, possession, active
voice word order, double embedding, agentless passive, agentive passive,
subject relative clauses, object clefting, object (0-s) relative clauses, negative
passive, and object (0-0) relative clauses;

- Multiclausal relative sentence;

- Common effect of multiclausal relative sentence comprehension;

- Multiclausal relative sentence comprehension (covariate: verbal working
memory performance).]

Baldo & Dronkers, 2007  Sentence-picture matching task TR C English
Curtiss-Yamada Comprehensive Language Evaluation (CYCLE) subtests 4.2
and 5.6 (Curtiss & Yamada, Unpublished Test, UCLA.
[Total CYCLE subtests score computed from active/passive sentences.]

Dronkers et al., 2004 Sentence-picture matching task TR C English
(Curtiss-Yamada Comprehensive Language Evaluation — Receptive (CYCLE-
R)11 subtests (Curtiss & Yamada, Unpublished Test, UCLA).
[Total CYCLE-R score computed from simple declaratives, possession, active
voice word order, double embedding, agentless passive, agentive passive,
subject relative clauses, object clefting, object (0-s) relative clauses, negative
passive, and object (0-o) relative clauses.]

Henseler et al., 2014 Semi-standardized interview MS P German
Aachen Aphasia Test (AAT; Huber et al., 1984).
[Correctness of grammar and syntactic complexity, including scoring of mor-
phosyntactic errors.]

Kinno et al., 2014 Sentence-picture plausibility task TR C Japanese
Experimental task developed by Kinno et al., (2009).
[- Scrambled (non-canonical and object-initial scrambled) sentence score
(covariates: active (canonical and subject-initial active score) and passive
(non-canonical and subject-initial passives) sentence scores);
- Passive and scrambled sentence scores (covariate: active sentence score). |

Kristinsson et al., 2020 Sentence-picture matching task TR C Icelandic, English
Experimental task developed by Magnusdottir (2005).
[- Canonical sentence score computed from active declaratives, cleft sentences
with subject gap, referential wh-question with subject gap and main verb);
- Non-canonical sentence score computed from passive sentences, cleft sen-
tences with object gap, referential wh-question with object gap and main verb;
- Non-canonical sentence score (covariate: canonical sentence score). |

LaCroix et al., 2020 Sentence-picture matching task TR C English
Experimental task developed by Wilson et al. (2010b).
[Accuracy score computed from non-canonical sentences with prosody
manipulations. |

Matchin et al., 2021 Picture description MS P English
Cookie theft picture (Kertesz, 2007).
Story telling
"Cinderella" story picture book (Grimes, 2005).
[Agrammatism computed as the systematic simplification of sentence structure
and omission of function words and morphemes. |

Sentence-picture matching task TR C
Sentence Comprehension Test (SCT; Cho-Reyes & Thompson, 2012)
Sentence-picture matching task
Experimental task developed by Magnusdottir, (2005).
[- Non-canonical sentence comprehension score computed from the SCT (pas-
sives with a by-phrase, object-extracted Wh-questions, object-relatives);
- Non-canonical sentence comprehension score computed from Magnusdottir’s task
(2005, passives with a by-phrase, object-extracted Wh-questions, object clefts).]
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Table 3 (continued)

Mesulam et al., 2021

Newhart et al., 2012

Riccardi et al., 2022

Rogalski et al., 2011

Sapolsky et al., 2010

Sheppard et al., 2022

Wilson et al., 2011

Wau et al., 2007

Story telling MS P
"Cinderella" story picture book (Grimes, 2005).
[Grammatical accuracy computed from noun morphology, verb morphology,

argument structure, word order. ]

Primed sentence production and sentence anagram task TR+MS P
Sentence Production Priming Test (SPPT; Cho-Reyes & Thompson, 2012).
Northwestern Anagram Test (NAT; Weintraub et al., 2010).
[NAT-NAVS composite score: average of performance on SPPT and NAT
tests. |

Sentence-picture matching task TR C
Sentence Picture Matching (SPM; ns).
Sentence-action matching
Enactment (ns).
[Asyntactic comprehension score computed as performance not significantly
above chance level of accuracy on passive reversible sentences on at least
one test (SPM or enactment), and > 10 percentage points lower accuracy on
passive compared to active sentences and object-cleft compared to subject-
cleft sentences, and > 10 percentage points lower accuracy on reversible
compared to irreversible sentences. ]

Sentence plausibility judgement task TR C
Auditory Sentence Sensibility test (Fernandino et al., 2013).
[Auditory sentence sensibility score (covariate: forward digit span test perfor-

mance). |

Story telling MS P
"Cinderella" story picture book (Grimes, 2005).
[Mean length of utterance in words.]

Sentence anagram task TR+MS P
Northwestern Anagram Test (NAT; subtest of 10 item from) (Weintraub et al.,

2010).
[Subtest-NAT score computed from subject- and object-extracted who-question

production. ]

Semi-structured interview MS P
Progressive Aphasia Severity Scale (PASS) (Sapolsky et al., 2010).
[Syntax and grammar accuracy score computed on word forms, functor words,

word order.]

Sentence-picture matching task TR C
Subject-relative, Object-relative, Active, and Passive (SOAP; Love & Oster, 2002).
[- Accuracy score on non-canonical sentences (passives, object-relative);
- Asyntactic comprehension pattern score: mean accuracy of noncanonical
minus mean accuracy of canonical sentences (actives, subject-relative). ]

Sentence-picture matching task TR+MS C/P
Experimental task developed by Wilson et al. (2010b).
Sentence-picture matching task
Curtiss-Yamada Comprehensive Language Evaluation (CYCLE) (Curtiss &
Yamada, Unpublished Test, UCLA).
Sentence completion task
Experimental task developed by Goodglass et al. (1972).
Spontaneous speech and picture description
ns (ns).
[Total score on comprehension and production tasks. ]
Sentence-picture matching task TR C
Experimental task adapted from Saffran et al. (1980) and from Schwartz et al.
(1980)
[Thematic role errors on active sentences. |
Sentence-picture matching task
Experimental task developed by Wu et al. (2007).
[Ability to select the correct pictorial representation of the consequence of
spoken active sentences, with some alternatives targeting thematic roles
comprehension. ]

English

English

English

English

English

English

English

English

A, Studies included in both the coordinate-based meta-analysis and the systematic literature review; B, studies included only in the systematic

literature review

TR thematic role assignment, MS morphosyntactic processing, C comprehension, P production
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Meta-analysis

The coordinate-based meta-analysis relied on the revised
activation likelihood estimation (ALE) algorithm imple-
mented into the GingerALE software (version 3.0.2; https://
brainmap.org/ale/). The ALE algorithm allows one to esti-
mate the anatomical convergence of the standardized brain
coordinates reported across a set of experiments.

Of the 27 selected papers, 23 reported standardized
coordinates in the MNI space, and 4 in the Talairach space
(Table 4). Talairach coordinates were transformed (Muller
et al., 2018) into the MNI space using the icbm?2tal algo-
rithm implemented in the GingerALE toolbox.

The 27 papers included a total of 31 different experi-
ments (i.e., statistical comparisons, Table 3). They were
grouped in three sets, based on their linguistic focus
(Tables 1, and 5). Set 1 included experiments focusing
on thematic role assignment (“thematic role set”). Set 2
included experiments testing morphosyntactic processing
abilities (“morphosyntactic set”). Set 3 included experi-
ments using tasks that addressed both thematic role and
morphosyntactic processing (“thematic role + morphosyn-
tactic set”).

Distinct analyses were carried out to investigate the
neurofunctional correlates of sentence processing com-
ponents (Table 5):

Meta-analysis (1) thematic role assignment or morpho-
syntactic processing (all the papers retained for analysis)
Meta-analysis 2) thematic role assignment (“‘thematic role
set” and “thematic role + morphosyntactic set”)
Meta-analysis 3) morphosyntactic processing (‘“morpho-
syntactic set” and “thematic role + morphosyntactic set”)
Meta-analysis 4) thematic role assignment and morpho-
syntactic processing (conjunction of “thematic role set”
and “morphosyntactic set”)

Meta-analysis 5) thematic role assignment — morpho-
syntactic processing (“thematic role set” minus “mor-
phosyntactic set”)

Meta-analysis 6) morphosyntactic processing — the-
matic role assignment (“morphosyntactic set” minus
“thematic role set™)

Analysis 1 encompassed all 31 experiments (which nar-
rowed to 28 when non-independent studies were pooled;
see Table 5 and Muller et al., 2018), thus meeting the min-
imum sample size (n=17-20) recommended in order to
reach adequate statistical power in coordinate-based meta-
analyses (Eickhoff et al., 2016). Sample sizes for analy-
ses 2—6 were at or below the recommended minimum.

@ Springer

The results of these analyses will be reported for merely
exploratory purposes.

The results of analyses 1-4 were considered significant
by declaring a cluster-level p <0.05 threshold with family-
wise error type correction for multiple comparisons, with an
uncorrected p <0.001 cluster-forming threshold and 1000 per-
mutations. For analyses 5-6, given the unavailability of fam-
ily-wise error rate (FWE) correction for direct comparisons
between sets in GingerALE software, the false discovery rate
(FDR) correction was adopted, declaring a p <0.05 thresh-
old based on 1000 permutations (for exploratory purposes,
the threshold was also lowered to p <0.05 uncorrected). The
anatomical localization of the significant clusters was mapped
via the AAL Toolbox (Tzourio-Mazoyer et al., 2002).

Systematic Literature Review: Results

The systematic review of the published literature relies on
43 papers of interest (Tables 2, 3, and 4).

Morphosyntactic Processing and Thematic Role
Assignment Deficits in Persons with Aphasia: Main
Features of the Papers Retained for Analysis

The 43 papers reported a total of 50 experiments investigat-
ing either thematic role assignment or morphosyntactic pro-
cessing considered in isolation, or both (Table 3). More in
detail, 25 experiments (50%) were on thematic role assign-
ment and 15 (30%) on morphosyntactic processing. The
remaining 10 experiments (20%) considered both thematic
role assignment and morphosyntactic processing. None of
the experiments contrasted the two processes directly.

Processing Modality

Most experiments (Table 3) assessed sentence comprehen-
sion (27/50, or 54%). Other experiments focused on produc-
tion (20/50, or 40%) or on both modalities (3/50, or 6%).

Targeted Processing Modality and Ability

A more substantial imbalance emerges when not only modal-
ity but also the process targeted in the various experiments
is considered. All the experiments that selectively addressed
thematic role assignment impairment (n=25) focused on
comprehension, and all those only concerned with morpho-
syntactic deficits focused on production (n=15). The remain-
ing 10 experiments considered both thematic and morpho-
syntactic processes. They investigated production in 5 cases,
comprehension in 2, and both modalities in 3 (Table 3).


https://brainmap.org/ale/
https://brainmap.org/ale/
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Stimuli and Tasks Used to Assess the Targeted Ability/
Abilities(Table 3)

Except for two experiments by Kinno et al., (2009, 2014) that
used written stimuli, thematic role comprehension was studied
by means of auditory stimuli. Most experiments on thematic
role comprehension (19/25, 76%) included sentence-picture
matching tasks (i.e., the participant hears a sentence and must
choose the corresponding picture from an array of 2—4) or
sentence-picture verification tasks (i.e., the participant is pre-
sented with a sentence and a picture/movie and must decide
if they match). The remaining experiments on thematic role
comprehension (6/25, 24%) included varied paradigms, e.g.,
sentence acceptability tasks, in which participants must decide
if a whole sentence (Riccardi et al., 2022) or a constituent that
completes a sentence (Tyler et al., 2011) makes common sense.
Stimulus materials also changed across tasks and experiments.
Both canonical and non-canonical sentences were used in most
cases. The canonical structures employed more frequently
were actives, subject-relatives, and subject-extracted Wh-ques-
tions. The non-canonical structures used most frequently were
passives, object-relatives, object-extracted Wh-questions, and
cleft sentences with object gaps. Only declarative sentences
with canonical word order were employed by Wu et al. (2007).

All the experiments that selectively tackled morphosyn-
tactic processing investigated spoken production, except
Sapolsky et al. (2010), who focused on written output.
Most experiments aimed at collecting samples of narra-
tive speech in order to measure difficulties on a variety of
linguistic dimensions, such as errors in free-standing and
bound grammatical morphemes, reduced syntactic com-
plexity, reduced mean length of utterance in morphemes,
and incorrect word order. Picture description was used
most frequently (in 10/15 experiments that considered
only morphosyntactic processing, 66.7%). In some experi-
ments, participants were asked to narrate a fairy tale. In
three studies (Borovsky et al., 2007; Henseler et al., 2014;
Sapolsky et al., 2010), speech corpora were collected dur-
ing interviews. DeLeon et al. (2012) administered sen-
tence completion tasks.

The remaining 10 experiments evaluating both thematic
role assignment and morphosyntactic processes included a
variety of tasks. In production, for example, 4 experiments
included the Sentence Production Priming Test of the North-
western Assessment of Verbs and Sentences (NAVS, Cho-
Reyes & Thompson, 2012), in which a syntactic prime is pre-
sented as a template and the participant is asked to produce a
sentence with the same structure. Agrammatic production was
investigated also by a sentence anagram task (Northwestern
Anagram Test; Thompson et al., 2012) or by asking partici-
pants to produce sentences containing the inflected forms of
words whose citation form was presented in writing (North-
western Anagram Test-Italian; Canu et al., 2019).

Languages

Regardless of whether focused on thematic role assignment
or morphosyntactic processing, most experiments (43/50, or
86%) were conducted in English. Of the remaining experi-
ments, two each were conducted in Japanese and Icelandic,
and one each in Italian, German, and Korean (Table 3).

Etiology

Overall (Table 2), the 43 selected papers analyzed sentence
processing deficits in 2256 participants, most of whom (1614,
71.5%) were stroke survivors in the chronic phase (1353/1614,
83.8%) or, much less frequently, in the acute phase of the
disease (246/1614, 15.2%). Some participants were tested
both in the acute and in the chronic phase (15/1614, 0.9%). A
large number of individuals suffering from primary progres-
sive aphasia (582/2256, 25.8%) were also evaluated. Impaired
thematic role assignment, morphosyntactic processing, or
both was also reported in 42 patients (1.9%) with glioma (II-
IV grade tumors), as well as in 18 patients (0.8%) evaluated
following left temporal lobectomy for intractable epilepsy.
To sum up, in the papers selected for the present review, com-
prehension was investigated more frequently than production.
Thematic role assignment was investigated almost only through
comprehension tasks that in most cases relied on sentence-pic-
ture matching or sentence-picture verification paradigms. In
contrast, morphosyntactic impairment was assessed essentially
only via speech production tasks, by means of picture descrip-
tion, storytelling, semi-structured interviews, etc. Studies were
conducted most frequently in native speakers of English. Sen-
tence processing difficulties were investigated in participants
with stroke and neurodegenerative diseases, much less fre-
quently with other pathologies. We will return to the possible
implications of these dimensions in the “Discussion’ section.

Lesion-Mapping of Morphosyntactic and Thematic
Role Deficits

Irrespective of whether they reported the coordinates of the
correlation effects,' studies exploiting voxel-based lesion-
symptom correlations consistently showed the involvement of
a left fronto-temporoparietal network in sentence processing.

Thematic Role Assignment
Most of the twenty-five experiments documenting selectively

impaired thematic role assignment (Table 3) evidenced brain
damage involving temporoparietal regions. The structures

! In case they did not, the studies were excluded from our coordinate-
based meta-analysis (Table 4).
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Table 4 Methods of acquisition and type of lesion-symptom analysis of the linguistic processes of interest

Study Acquisition method Analysis method Anatomical space  Whole brain or ROI Lesion volume covariate

analysis

A

Ash et al., 2013 MRI VBM MNI Whole brain (all No
areas of gray matter
disease)

Ashetal., 2015 MRI VBM MNI Whole brain (all No
areas of gray matter
disease)

Borovsky et al., 2007 MRI/CT VLSM Talairach Whole brain No

Canu et al., 2019 MRI VBM MNI Whole brain No

Charles et al., 2014 MRI VBM MNI Whole brain No

DeLeon et al., 2012 MRI VBM MNI Whole brain analysis No
first assessed that no
regions outside the
mask were sig-
nificantly associated
with the linguistic
measure in a non-
permuted analy-
sis. A subsequent
analysis then applied
a mask including
left hemisphere
perisylvian language
areas, based on the
Tzourio-Mazoyer
et al. (2002) atlas
(left inferior frontal
gyrus (pars opercula-
ris and triangularis),
rolandic operculum,
superior temporal
gyrus, supramarginal
gyrus)).

den Ouden et al., 2019 MRI VLSM MNI ‘Whole brain Yes

Faroqi-Shah et al., 2014 MRI VLSM MNI ‘Whole brain No

Grossman et al., 2013 MRI VBM Talairach Whole brain (all No
areas of gray matter
disease)

Henry, 2009 MRI VBM MNI ‘Whole brain No

Kamminga et al., 2016 MRI VBM MNI ‘Whole brain No

Kim et al., 2010 MRI VLSM MNI Whole brain No

Kinno et al., 2009 MRI VLSM MNI ‘Whole brain No

Lukic et al., 2017 MRI VLSM MNI Left hemisphere Yes

Lukic et al., 2020 MRI VLSM MNI Left hemisphere Yes

Magnusdottir et al., MRI VLSM MNI ‘Whole brain Yes

2013

Matchin et al., 2020 MRI VLSM MNI Whole brain Yes

Matchin et al., 2022 MRI VLSM MNI Whole brain Yes

Meltzer et al., 2013 MRI VLSM MNI Whole brain Controlled by separate

correlation analyses

Mirman et al., 2019 MRI (n=30)/CT SVR-LSM MNI Whole brain Yes

(n=16)
Peelle et al., 2008 MRI VBM Talairach Whole brain (all No

areas of gray matter
disease)
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Table 4 (continued)

Study

Acquisition method

Analysis method

Anatomical space  Whole brain or ROI
analysis

Lesion volume covariate

Pillay et al., 2017
Rogalsky et al., 2018

Thothathiri et al., 2012

Tyler et al., 2011
Wilson et al., 2010a

Wilson et al., 2016
B
Amici et al., 2007

Baldo & Dronkers,
2007

Dronkers et al., 2004
Henseler et al., 2014
Kinno et al., 2014
Kristinsson et al., 2020

LaCroix et al., 2020

Matchin et al., 2021

MRI

MRI (n=62)/ CT
(n=4)

MRI (n=43)/ CT
(n=36)

MRI

MRI

MRI

MRI

MRI/CT

MRI/CT
MRI
MRI
MRI/CT

MRI

MRI

VLSM
VLSM

VLSM

VLSM

VBM

VBM

VBM

VLSM

VLSM
VLSM
VLSM
RLSM

RLSM

VLSM

MNI
Talairach

Whole brain
Whole brain
MNI Whole brain

MNI
MNI

Whole brain

Whole brain (all
areas of gray matter
disease)

MNI Whole brain

MNI ROIs: left inferior and
middle frontal gyri,
left superior and
middle temporal gyri,
left inferior parietal

lobule
ns Left hemisphere

Whole brain
Whole brain
Whole brain

ROIs: inferior frontal
gyrus (pars opercula-
ris and pars triangu-
laris), supramarginal
gyrus, angular gyrus,
superior temporal
gyrus, pole of supe-
rior temporal gyrus,
middle temporal
gyrus, pole of mid-
dle temporal gyrus,
posterior superior
temporal gyrus,
posterior middle
temporal gyrus

ROIs: posterior half of

Talairach
MNI
MNI
MNI

MNI

the left middle frontal

gyrus, left inferior
frontal gyrus (pars
opercularis and pars
triangularis), left
posterior superior
temporal gyrus, left
supramarginal gyrus,
left angular gyrus

MNI Whole brain

No

No

No

No
No
Yes

Yes

Yes

@ Springer



500

Neuropsychology Review (2025) 35:483-516

Table 4 (continued)

Study

Acquisition method

Analysis method

Anatomical space  Whole brain or ROI

analysis

Lesion volume covariate

Mesulam et al., 2021

Newhart et al., 2012

Riccardi et al., 2022

Rogalski et al., 2011
Sapolsky et al., 2010
Sheppard et al., 2022

Wilson et al., 2011

Wau et al., 2007

MRI

MRI

MRI

MRI
MRI
MRI

MRI

MRI/CT

General linear model MNI

RLSM MNI

RLSM Talairach

General linear model ns

VBM ns
RLSM ns
(LASSO regression)

VBM MNI
VLSM ns

ROIs: posterior part
of the middle frontal
gyrus, premotor
cortex posterior to
the inferior frontal
gyrus), superior
frontal gyrus, inferior
frontal gyrus (pars
opercularis), inferior
frontal gyrus (junc-
tion of the pars
triangularis with the
pars orbitalis)

ROIs: Brodmann Areas
6, 10, 11, 18, 19, 20,
21,22, 37, 38, 39, 40,
44, 45

ROlIs: left inferior
frontal gyrus (pars
opercularis), left
inferior frontal gyrus
(pars triangularis),
middle temporal
gyrus pole, superior
temporal gyrus pole,
anterior portion of
the inferior temporal
gyrus, posterior mid-
dle temporal gyrus,
superior temporal
gyrus, supramarginal
gyrus, angular gyrus

Whole brain
Whole brain

ROlIs: inferior frontal
gyrus (pars triangula-
ris and pars opercula-
ris, superior temporal
gyrus, middle tempo-
ral gyrus, posterior
superior temporal
gyrus, temporal
pole, angular gyrus,
supramarginal gyrus,
superior longitudinal
fasciculus, inferior
fronto-occipital
fasciculus)

ROIs: left inferior fron-
tal gyrus, left inferior
frontal cortex

Whole brain

No

No

No

No

No

A, Studies included in both the coordinate-based meta-analysis and the systematic literature review; B, studies included only in the systematic

literature review All the papers used whole brain coverage for the neuroimaging acquisition

MRI magnetic resonance imaging, CT computed tomography, VBM voxel-based morphometry; VLSM voxel-based lesion-symptom mapping,
RLSM region-based lesion-symptom mapping, SVR-LSM support vector regression-lesion symptom mapping, MNI Montreal Neurological Insti-

tute, ns not specified
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involved most frequently were the superior temporal gyrus
(in 19/25 experiments, or 76%), the middle temporal gyrus
(in 17/25, or 68%), the angular gyrus (in 11/25, 44%), and
the supramarginal gyrus (10/25, or 40%). Less consistently,
poor thematic role assignment correlated with the anterior
temporal regions (3/25, 12%), the Heschl’s gyrus, and the
planum temporale (1/25 experiment each, 4%). Prefrontal
damage was reported in far fewer experiments than in tem-
poroparietal structures. The pars opercularis and the pars
triangularis of the inferior frontal gyrus were involved in
7/25 (28%) and in 6/25 (24%) experiments, respectively.

Morphosyntactic Processing

In the fifteen experiments selectively dealing with damaged
morphosyntactic processing (Table 3), the emerging ana-
tomical profile differed from that observed in the experi-
ments focused on poor thematic role mapping. Lesions were
observed in the left pars opercularis in 8/15 experiments
(53.3%) and in the pars triangularis in 9/15 (60%). Parieto-
temporal damage affected the supramarginal gyrus, as shown
in the 6/15 experiments (40%), and part of the angular gyrus,
as shown in 2/15 (13.3%). Temporal lobe involvement was

Table 5 Inclusion (indicated

. ; Study Category Modality m.a.l m.a2 ma3 ma4 madS mab
by “x”) of experiments in
the reported meta-analyses Ash et al., 2013 MS P X X X X
qammcinge o weslws oM P x s Co
manuscript and in Table 6), and Borovsky et al., 2007 MS P X X X X
their categories and modalities Canu et al., 2019 TR+MS P X X X
based on the linguistic Charles et al., 2014 TR C X X X X
component they tested DeLeon et al., 2012 MS P x x x x
den Ouden et al., 2019 MS P x* x* X X
TR+MS C/P X
Faroqi-Shah et al., 2014 TR+MS P X X X
Grossman et al., 2013 MS P X X X X
Henry, 2009 TR+MS C/P X X X
Kamminga et al., 2016 TR +MS C X X X
Kim et al., 2010 TR C X X X X
Kinno et al., 2009 TR C X X X X
Lukic et al., 2017 TR C X X X X
Lukic et al., 2020 TR C x* x* X X
TR+MS P X
Magnusdottir et al.,, 2013 TR C X X X X
Matchin et al., 2020 MS P X X
Matchin et al., 2022 MS P X X X
TR C X X X
Meltzer et al., 2013 TR C X X X X
Mirman et al., 2019 MS P X X X X
Peelle et al., 2008 TR C X X X X
Pillay et al., 2017 TR C X X X X
Rogalsky et al., 2018 TR C X X X X
Thothathiri et al., 2012 TR C X X X X
Tyler et al., 2011 TR C x* x* X X
TR+MS C X
Wilson et al., 2010a MS P X X X
Wilson et al., 2016 TR C X X X X

Note that the study by Matchin et al. (2022) reported two independent experiments in separate patient
cohorts (see Table 1). Two non-independent experiments were included in each study by den Ouden et al.,
(2019, Lukic et al. (2020), and Tyler et al. (2011). When both experiments were included in a meta-analy-
sis, they were pooled as a single experiment (as indicated by an asterisk)

TR thematic role assignment, MS morphosyntactic processing, C comprehension task, P production task,

m.a. meta-analysis
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not as frequent. Lesions involved the middle temporal gyrus
(4/15 experiments, or 26.7%), the superior temporal gyrus
(3/15, or 20%), the anterior temporal area (2/15, or 13.3%),
and the planum temporale (1/15, or 6.7%).

Thematic Role Assignment/Morphosyntactic Processing

In the 10 experiments dealing with both thematic role assign-
ment and morphosyntactic processing (Table 3), prefrontal dam-
age was observed in the pars opercularis (7/10, 70%) in the pars
triangularis and pars orbitalis (6/10 each, 60%) and, less fre-
quently, in the middle frontal gyrus (3/10, 30%). Temporopari-
etal damage was observed in the superior temporal gyrus (5/10,
50%), in the supramarginal gyrus (4/ 10, 40%), and in the middle
temporal gyrus and angular gyrus (3/10 in both cases, 30%).

Sentence Comprehension Versus Production

Experiments on comprehension documented lesion-symp-
tom correlations in the temporoparietal regions more fre-
quently than in the prefrontal regions. The middle temporal
gyrus was damaged in the 18/27 experiments (66.7%) and
the superior temporal gyrus in 20/27 (74.1%). Lesions were
observed also in the supramarginal gyrus and angular gyrus
(11/27 experiments in both cases, 40.7%).

In experiments on production, prefrontal areas were
involved somewhat more frequently than temporal regions.
Poor performance was associated with lesions in the pars
opercularis and the pars triangularis (which were sometimes
damaged to a different degree — see, e.g., Matchin et al., 2020
vs Rogalski et al., 2011) in 11/20 experiments (55%) and in
the middle frontal gyrus in 8/20 experiments (40%). The
supramarginal gyrus was affected in 8/20 experiments (40%).

In the three experiments focusing on both modalities, poor
performance was associated with damage to the pars opercu-
laris and in the pars triangularis (2/3 experiments, or 66.6%),
to the pars orbitalis (1/3 experiments, or 33.3%), to the middle
temporal gyrus (1/3 experiments, or 33.3%), the superior tem-
poral gyrus (2/3 experiments, or 66.6%), and the supramarginal
gyrus and angular gyrus (1/3 experiments, or 33.3%).

Meta-analysis Results

Twenty-seven publications met the criteria for inclusion in the
meta-analysis and were considered relevant vis a vis thematic role
assignment and morphosyntactic processing (Tables 2, 3, and 4).
These publications covered a total of 1298 participants, 878 of
which were patients with stroke (67.64%), 381 with brain atrophy
(29.35%), 18 with lobectomy (1.39%), and 21 with tumor (1.62%).

The first meta-analysis included the data from 28 independ-
ent experiments (249 foci, 1298 persons with aphasia, Table 5).
Its aim was to identify the areas whose damage was associated
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with poor processing of thematic role assignment, morphosyn-
tactic processing, or both. Three significant left-hemisphere
clusters emerged (p <0.05 FWE), involving the inferior fron-
tal gyrus, middle frontal gyrus, the insula, the precentral and
postcentral gyri, the middle temporal gyrus, superior temporal
gyrus, and supramarginal gyrus (Fig. 2, Table 6A).

From the 19 independent experiments (159 foci, 894 per-
sons with aphasia) that focused on thematic role assignment
(experiments focusing on both thematic role assignment and
morphosyntactic processing were also included, Table 5),
the second meta-analysis retrieved eight significant clusters
(p<0.05 FWE), covering the left inferior frontal gyrus, mid-
dle frontal gyrus, precentral gyrus, insula, claustrum, mid-
dle temporal gyrus, superior temporal gyrus, supramarginal
gyrus (Fig. 3, Table 6B).

The third meta-analysis included a total of 16 independ-
ent experiments (147 foci, 687 persons with aphasia) tapping
morphosyntactic processing (experiments focusing on both
thematic role assignment and morphosyntactic processing
were also included, Table 5). Two significant clusters emerged
(p <0.05 FWE), involving the left inferior frontal gyrus, mid-
dle frontal gyrus, the insula, the precentral and postcentral
gyri, and the superior temporal gyrus (Fig. 4, Table 6C).

No significant clusters emerged from the conjunction analy-
sis between experiments specifically focusing on thematic role
assignment (14 independent experiments, 102 foci, 701 per-
sons with aphasia, Table 5) and morphosyntactic processes (10
independent experiments, 90 foci, 466 persons with aphasia,
Table 5) (p <0.05 FDR, Table 6D), even when the significance
threshold was lowered to p <0.05 uncorrected.

The contrasts between the experiments that specifically
focused on thematic role assignment vs morphosyntactic
processing did not yield significant clusters in either direc-
tion (p <0.05 FDR). Lowering the significance threshold to
p <0.05 uncorrected for exploratory purposes yielded clus-
ters correlated to thematic role assignment more than mor-
phosyntactic processing in the left middle temporal gyrus,
superior temporal gyrus, and the insula (Fig. 5, Table 6E),
and clusters correlated to morphosyntactic processing more
than to thematic role assignment in the left inferior frontal
gyrus and middle frontal gyrus (Fig. 6, Table 6F).

Discussion

Disorders of sentence processing are among the most fre-
quently investigated language deficits in aphasia. In recent
years, several studies set out to identify the brain regions
whose damage leads to difficulties in sentence comprehen-
sion and/or production. For the present project, a system-
atic search of the literature on persons with aphasia and a
coordinate-based meta-analysis of lesion-symptom mapping
studies was carried out to investigate the neurofunctional
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correlates of impaired thematic and morphosyntactic pro-
cessing. Behavioral and neuroimaging data of 2256 persons
with aphasia were selected and reviewed. Data from 1298
participants, for whom whole-brain analysis and coordinates
were available, were used to estimate the anatomical likeli-
hood of the language processes under exam. A total of 43
papers were retained for review. Of these, 27 met the prereq-
uisites for inclusion in the meta-analysis.

The meta-analysis included all 27 papers on impaired
sentence processing (irrespective of whether they focused
on thematic role assignment, morphosyntactic processing,
or both). It revealed a large network of converging areas
of brain damage (Fig. 2). Poor sentence processing corre-
lated with prefrontal damage involving the inferior frontal
gyrus, middle frontal gyrus, and the insula and with tem-
poral and temporoparietal damage involving the superior
temporal gyrus, middle temporal gyrus, and supramar-
ginal gyrus (Table 6A). This result is comparable with
that of studies that considered both processes together
(e.g., Faroqi-Shah et al., 2014, Henry, 2009; Kamminga
et al., 2016). The small number of eligible papers pre-
vented statistically powered fractionation of the 27 papers
in specific meta-analysis subsets on, respectively, the-
matic role assignment or morphosyntactic processing.
However, given the current lack of meta-analytic evidence
on the specific lesion-symptom correlates of thematic role
and morphosyntactic processing and the urgent need — as
mentioned in the “Introduction” section, and as addressed
in further detail below — to refocus priorities in future
experiments on these topics, we believe that preliminary
results are worth reporting, although they require particu-
lar consideration due to their exploratory nature.

The two meta-analyses focusing more specifically on
thematic roles and on morphosyntactic errors yielded par-
tially distinguishable outcomes. Lesions associated with
thematic role impairment converged in a large temporal
cluster (middle temporal gyrus, superior temporal gyrus)
and in a smaller prefrontal cluster (inferior frontal gyrus,
middle frontal gyrus, insula) (Fig. 3, Table 6B), whereas
the reverse damage profile applied to morphosyntactic
processing (Fig. 4, Table 6C). In this latter case, lesions
converged in several prefrontal clusters distributed along
the inferior frontal gyrus and middle frontal gyrus and,
less extensively, in temporal regions (middle temporal
gyrus, superior temporal gyrus). Directly contrasting the-
matic role assignment and morphosyntactic processing
(Fig. 5, Table 6E) highlighted three small thematic role-
related clusters in the superior temporal gyrus, middle
temporal gyrus, and the posterior portion of the insula,
whereas the reverse contrast (Fig. 6, Table 6F) retrieved
two small, morphosyntactic-related clusters in the infe-
rior frontal gyrus and middle frontal gyrus. Although it
remains quite possible that the two processes share some

underlying components, these exploratory results tenta-
tively suggest that thematic role and morphosyntactic pro-
cesses involve more extensively temporal/temporoparietal
and prefrontal regions, respectively.

Neurofunctional Correlates of Thematic Role
Mapping

Both the literature review and the meta-analysis confirm the
role of temporal and temporoparietal structures in the assign-
ment of thematic roles. The superior temporal gyrus was
involved in 19/25 experiments (76%). Its posterior portion
was deemed critical by Amici et al. (2007); LaCroix et al.
(2020); Lukic et al., (2017); Pillay et al. (2017); Riccardi
et al. (2022); Rogalsky et al. (2018); Sheppard et al. (2022);
Thothathiri et al. (2012); and Wu et al. (2007), whereas its
anterior part was more relevant according to Dronkers et al.
(2004); Charles et al., (2014), and Wu et al. (2007). Several
studies assigned a role also to the posterior part of the mid-
dle temporal gyrus (Amici et al., 2007; Baldo & Dronkers,
2007; Dronkers et al., 2004; Kristinsson et al., 2020; Matchin
et al., 2022; Riccardi et al., 2022; Thothathiri et al., 2012),
whereas the anterior temporal region including the temporal
pole emerged infrequently (Lukic et al., 2020; Kim et al.,
2010; Magnusdottir et al., 2013). The critical role of left
temporoparietal regions is supported also by the significant
involvement of the angular gyrus and supramarginal gyrus (in
44% and 40% of the experiments, respectively, as well as in
our meta-analysis). The role of left temporoparietal regions
was also confirmed by ROI analyses (e.g., Newhart et al.,
2012). These observations suggest that temporal and tempo-
roparietal regions are critical for thematic role assignment,
with temporal regions possibly playing the greater role. It
cannot be ruled out that the extensive involvement of the
superior temporal gyrus that emerged in relation to thematic
role assignment is in part task-specific, as sentence compre-
hension was investigated almost exclusively by auditory com-
prehension tasks, in which early stimulus processing involves
the auditory radiations running deep to the posterior insula
and the primary and non-primary auditory cortices in the
temporal lobe (for reviews, see Pickles, 2015). Furthermore,
it appears that the differences at the brain level cannot be
readily explained by methodological differences concerning
the use of different tasks or different linguistic structures.
For example, studies that find, e.g., anterior (Charles et al.,
2014; Dronkers et al., 2004; Wu et al., 2007) as opposed to
posterior (e.g., Amici et al., 2007; LaCroix et al., 2020; Lukic
et al., 2017) areas of the temporal lobe used a similar variety
of behavioral measures (see Table 3).

Notably, some investigations focusing on thematic role
mapping involved prefrontal regions (e.g., Kim et al., 2010;
Peelle et al., 2008), as also evidenced by our thematic role-
specific meta-analysis (Fig. 3, Table 6B). This result must
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be taken with some caution, as these studies contrasted the-
matic role assignment with measures of lexical-semantic dif-
ficulties but did not consider morphosyntactic impairments,
which may influence thematic role assignment (e.g., Tyler
et al., 2011; Wilson et al., 2016). In Kinno et al., (2009,
2014) prefrontal involvement results from a sampling bias,
as only patients with frontal lobe gliomas were recruited.
ROI analyses showed the involvement of the pars triangu-
laris and opercularis in Kristinsson et al. (2020); LaCroix
et al. (2020), and Sheppard et al. (2022). From our survey
of the task features in these different studies (see Table 3),
no clear differences emerged compared to other studies that
did not identify frontal involvement in the lesion-symptom
analyses, in addition to a prominent heterogeneity among all
studies in etiology, the language used, and lesion location
or area of analysis.

Neurofunctional Correlates of Morphosyntactic
Processing

In the set of reviewed studies (Ash et al., 2013, 2015;
Borovsky et al., 2007; DeLeon et al., 2012; Grossman et al.,
2013; Matchin et al., 2020, 2022; Mirman et al., 2019; den
Ouden et al., 2019; Wilson et al., 2010a; Henseler et al.,
2014; Matchin et al., 2021; Rogalski et al., 2011; Sapolsky
et al., 2010), morphosyntactic impairment correlated with
damage to left prefrontal, parietal and, less consistently,
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Fig.2 Meta-Analysis 1: clusters of convergence across studies
focusing on thematic role assignment, on morphosyntactic process-
ing abilities, or on both language processes (28 independent experi-
ments, 249 foci, 1298 persons with aphasia). The significant clusters
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temporal regions. In the meta-analysis including all the 16
studies that considered morphosyntactic processes (either
exclusively or in association with thematic role assign-
ment), the inferior frontal gyrus and the middle frontal gyrus
were involved more extensively than temporal and parietal
regions. This result is consistent with the direct contrast
meta-analysis between experiments on morphosyntactic pro-
cessing versus thematic role assignment, that also yielded
the inferior and middle frontal gyri. Correlations with the
posterior two-thirds of the inferior frontal gyrus emerged in
11/15 (73.3%) experiments focused on morphosyntactic pro-
cessing and in 7/10 (70%) investigations dealing with both
morphosyntactic processing and thematic role assignment.
Prefrontal involvement is confirmed by ROI-based analyses
in Mesulam et al. (2021) and Wilson et al. (2011). Our coor-
dinate-based meta-analysis on morphosyntactic processes
also involved the superior temporal gyrus (Fig. 4, Table 6C).

The Neurofunctional Correlates of Sentence
Processing

Turning back to the consideration of sentence processing
as a whole (43 papers in our systematic review, 27 of which
were included in meta-analysis 1), our survey indicated that,
at least as regards thematic role assignment and morpho-
syntactic processes, sentence comprehension and production
correlate with an extensive fronto-temporoparietal network.

(cluster-level p<0.05 FWE; cluster-forming threshold at voxel-level
p<0.001) are rendered on the standard MNI152 anatomical template.
The color bar reflects activation likelihood estimation scores
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Table 6 Meta-analysis clusters yielded by the revised activation likelihood estimation (ALE) algorithm implemented into GingerALE software

(version 3.0.2; https://brainmap.org/ale/)

Cluster Peak

x (mm) y(mm) z(mm)

Volume (voxels) Z score Anatomical structures

% of cluster

A. Meta-analysis 1. All experiments on TR and/or MS

1 —-44
2 =50
3 -52

B. Meta-analysis 2 (explora-
tory). All experiments on TR

1 —48
2 -56
3 -50

-52
5 -36
6 -58
7 -38
8 -38

C. Meta-analysis 3 (explora-
tory). All experiments on MS

1 -52

D. Meta-analysis 4 (explora-
tory). Conjunction of all
experiments on TR and MS

No significant clusters found

E. Meta-analysis 5 (explora-
tory). Direct comparison
TR-MS

—46
—44
-56

—54

22

28

22

—40

-10

32

—-28

—54

—24

28

-38

-16
-2
—46

30

22

20

10

-10

20

-8
-2
6

868

496

171

182

107

104

103

86

78

78

71

689

146

12

4.76

5.38

5.33

4.68

3.71

4.08
4.42

4.55

3.9

5.45

4.53

2.33
1.73
1.75

Superior temporal gyrus
Supramarginal gyrus
Middle temporal gyrus
Postcentral gyrus
Inferior frontal gyrus
Middle frontal gyrus
Insula

Precentral gyrus

Inferior frontal gyrus

Inferior frontal gyrus
Middle frontal gyrus
Insula

Middle temporal gyrus
Superior temporal gyrus
Superior temporal gyrus
Precentral gyrus

Insula

Inferior frontal gyrus
Insula

Claustrum

Superior temporal gyrus
Middle temporal gyrus
Superior temporal gyrus
Middle temporal gyrus
Supramarginal gyrus
Superior temporal gyrus

Insula

Inferior frontal gyrus
Middle frontal gyrus
Insula

Precentral gyrus
Superior temporal

gyrus
Postcentral gyrus

Superior temporal gyrus
Insula

Middle temporal gyrus

51.5%
11.6%
10.8%
8.9%

30.2%
24.2%
18.8%
7.5%

98.8%

36.3%
17%
8.8%
52.3%
23.4%
41.3%
41.3%
10.6%
99%
32.6%
15.1%
89.7%
10.3%
55.1%
15.4%
15.4%
41.6%
27.3%

44.7%
18.7%
17%
6.4%
79.5%

15.1%

91.7%
100%
100%
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Table 6 (continued)

Cluster Peak

x (mm) y(mm) z(mm)

Volume (voxels) Zscore Anatomical structures % of cluster

F. Meta-analysis 6 (explora-
tory). Direct comparison
MS-TR

-48 38 20
-44 32 18

6 229
1 2.07

100%
100%

Middle frontal gyrus
Inferior frontal gyrus

For each cluster, we specify the percentage involving the associated brain regions. The coordinates are in the MNI152 anatomical space. All
clusters were located in the left hemisphere. A—C, significance threshold p <0.05 FWE (based on 1000 permutations). D, significance threshold

p<0.05 FDR (based on 1000 permutations). E-F, p <0.05 uncorrected

MS morphosyntactic processing, TR thematic role assignment

THEMATIC ROLE
ASSIGNMENT

ALE score I
0 0.02

Fig. 3 Meta-analysis 2 (exploratory): all experiments on thematic role
assignment (19 independent experiments, 159 foci, 894 persons with
aphasia). The significant clusters (cluster-level p <0.05 FWE; cluster-

On the other hand, visual inspection of Figs. 3 and 4 (see
Fig. 7 for a direct overlap) suggests that poor thematic role
assignment involves damage to temporal and temporopa-
rietal regions (middle temporal gyrus, superior temporal
gyrus, supramarginal gyrus) more than to prefrontal areas
and that, conversely, morphosyntactic difficulties are asso-
ciated with damage to inferior frontal gyrus and middle
frontal gyrus more than with temporal and temporoparietal
lesions. The results for thematic difficulties confirm recent
studies showing a strong correlation with temporal and

@ Springer

-2 -10

forming threshold at voxel-level: p <0.001) are rendered on the stand-
ard MNI152 anatomical template. The color bar reflects activation
likelihood estimation scores

temporoparietal damage (e.g., Magnusdottir et al., 2013;
Rogalsky et al., 2018; Thothathiri et al., 2012). Furthermore,
and at odds with the conclusions drawn in the same studies,
the systematic literature review shows that morphosyntactic
deficits and, to a lesser extent, thematic role difficulties also
correlate with left prefrontal damage.

In light of these results, one could wonder if the apparent
asymmetry is an artifact of the distribution of the reviewed
literature addressing the two features. In fact, all the studies
evaluating only thematic role assignment (n=25) focused
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MORPHOSYNTACTIC
PROCESSING

ALE score
0 0.03

Fig.4 Meta-analysis 3 (exploratory): all experiments on morphosyn-
tactic processing (16 independent experiments, 147 foci, 687 persons
with aphasia). The significant clusters (cluster-level p<0.05 FWE;

2 -2

cluster-forming threshold at voxel-level p <0.001) are rendered on the
standard MNI152 anatomical template. The color bar reflects activa-
tion likelihood estimation scores

THEMATIC ROLE
ASSIGNMENT

ALE score
0 0.02

Fig.5 Meta-analysis 5 (exploratory): stronger convergence likelihood
for thematic role assignment (14 independent experiments, 102 foci,
701 persons with aphasia) than for morphosyntactic processing (10
independent experiments, 90 foci, 466 persons with aphasia). Likeli-

on comprehension, and all those investigating only mor-
phosyntactic processing (n=15) focused on production.
The remaining 10 papers that addressed both thematic
role assignment and morphosyntactic processing studied
production (n=15), comprehension (n=2), or both (n=23).

hood clusters (cluster-level p <0.05 uncorrected) are rendered on the
standard MNI152 anatomical template. The color bar reflects activa-
tion likelihood estimation scores

This could generate a strong bias, especially considering
that results reported in the “Sentence Comprehension Ver-
sus Production” section show that the regions retrieved
from the analysis of studies on thematic role assignment
and morphosyntactic processing are very similar to those

@ Springer
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Fig.6 Meta-analysis 6 (exploratory): stronger convergence likelihood
for morphosyntactic processing (10 independent experiments, 90 foci,
466 persons with aphasia) than for thematic role assignment (14 inde-
pendent experiments, 102 foci, 701 persons with aphasia). Likelihood
clusters (cluster-level p <0.05 uncorrected) are rendered on the stand-
ard MNI152 anatomical template. The color bar reflects activation
likelihood estimation scores

retrieved from the analysis of studies on comprehension and
production, respectively. At issue here, then, is establishing
whether the distinction between language processes reported
in the “Meta-analysis Results” section can be reduced to that
between comprehension and production, as opposed to being
an indication that the neural substrates for morphosyntactic
and thematic processes are distinguishable.

An unambiguous conclusion is difficult, as both the com-
prehension/production and the thematic/morphosyntactic
contrast involve the fronto-temporoparietal structures of
the language network. From the modality perspective, neu-
roimaging studies in control participants have argued both
for the separability (Giglio et al., 2022; Matchin et al., 2020)
and for the overlap (Hu et al., 2023) of the neural substrates
recruited by input and output language processes. Evidence
from aphasia is consistent with the view that comprehen-
sion and production involve both shared and separate neural
substrates (Matchin et al., 2020; Lukic et al., 2020) — a
view supported by massive evidence of both co-occurring
and selective disorders of specific aspects of language com-
prehension and production following left hemisphere dam-
age. In principle, then, a modality-biased account cannot
be ruled out completely. Overall, however, it remains very
unlikely. First, the areas retrieved in each analysis extend
well beyond the structures involved in articulation and hear-
ing and include regions unanimously deemed as critical for
sentence processing. Secondly, also when considered sepa-
rately, thematic role and morphosyntactic processes were
linked to both prefrontal and temporal areas. In other words,
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and against a strictly modality-biased interpretation, analy-
ses of studies on morphosyntax (that focused on production)
also retrieved temporal regions, and analyses of thematic
processes (that focused on comprehension) also retrieved
frontal regions. Evidence from agrammatic aphasia also mil-
itates against the modality account. For example, 38 partici-
pants with agrammatism damage to Broca’s area correlated
with both thematic and morphosyntactic errors in sentence
comprehension (e.g., Table 2 in Caramazza et al., 2005). A
modality-based account cannot accommodate this behavioral
profile, as prefrontal damage should affect production, not
comprehension. Thus, even though the modality bias cannot
be completely ruled out nor quantified, the distinguishable
outcomes of our analyses of thematic and morphosyntactic
processes suggest a genuine distinction between language
mechanisms.

Inspection of Fig. 7 shows that the disruption of morpho-
syntactic and thematic role processes correlates with damage
to both overlapping and distinctive regions (see for example
Lukic et al., 2020). There is an overlap in a prefrontal region
in the inferior frontal gyrus—middle frontal gyrus and in a
temporal region in the superior temporal gyrus. In process-
ing reversible sentences, these structures could be involved
in the necessary integration of thematic and morphosyntac-
tic features. In production, thematic role assignment must
be integrated with morphosyntactic features such as deter-
miner-noun-adjective agreement, subject-verb agreement,
and case, person, and tense markings. In comprehension,
correct processing of morphosyntactic features is needed
to disambiguate sentence structure for thematic role assign-
ment (e.g., in passive sentences). While each of the two pro-
cessing steps may be influenced by dimensions that do not
affect the other and may be implemented in distinct neural
substrates, the two must interact closely. Further research
will have to establish whether the overlapping prefrontal and
temporal regions are equally critical for both processes, at all
stages of sentence processing, and in both comprehension
and production.

The neural network emerging from the present study is
also in line with meta-analyses of studies on language pro-
cesses in neurotypical subjects (Bulut, 2022; Stefaniak et al.,
2021; Walenski et al., 2019, Vigneau et al., 2011; Price,
2012). Increased BOLD activity during comprehension
emerged in the posterior temporal areas and in part of the
frontal areas (Stefaniak et al., 2021). The same areas were
retrieved from the comparison between comprehension and
production in the meta-analysis by Walenski et al. (2019) that
showed the involvement of large portions of the temporal
lobe (anterior, posterior, and temporo-occipital), and a cor-
relation with the inferior frontal gyrus and the inferior pari-
etal cortex, including the angular gyrus. Impaired produc-
tion correlated more strongly to frontal areas (Stefaniak et al.,
2021) and especially the middle and the inferior frontal gyrus
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THEMATIC ROLE ASSIGNMENT
MORPHOSYNTACTIC PROCESSING
ALE score I

0 0.02
ALE score
0 0.03

Fig.7 Overlap of the clusters shown in Fig. 3 (thematic role assign-
ment) and Fig. 4 (morphosyntactic processes). Note that thematic and
morphosyntactic processes correlate with both overlapping and dis-

(Walenski et al., 2019). Conjunction analyses between sen-
tence comprehension and production (Walenski et al., 2019)
retrieved the middle frontal gyrus, the superior frontal gyrus,
the supplementary motor area, and the posterior portion of
the middle temporal gyrus. Vigneau et al. (2011) focused
on frontal and temporal regions. They linked the pars oper-
cularis to syntactic processing and the posterior part of the
superior temporal gyrus to sentence and text processing. The
left inferior frontal gyrus also emerged from a meta-analysis
on inflectional morphology at the single-word processing
level by Bulut (2022), who concluded that the inferior frontal
gyrus provides the neural basis of morphology and inflec-
tional syntax. Interestingly, meta-analyses of fMRI studies
rely on a larger paper pool as compared to investigations
based on structural MRI, like the present work or the one by
Na et al. (2022). The latter work consisted of a meta-analysis
on 25 lesion-symptom correlation studies in English speak-
ers with post-stroke aphasia, considering language function
in general, as well as specifically language comprehension,
speech production, speech fluency, repetition, naming, read-
ing, phonology, and semantics. When considering the full
set of 25 articles, Na et al. (2022) found the involvement
of a left fronto-temporoparietal network, in large agree-
ment with our findings in meta-analysis 1. In the analysis
restricted to language comprehension, they found convergent
correlations in the left superior temporal gyrus and fusiform
gyrus, whereas for production, the effects were in the left
precentral gyrus, insula, and superior temporal gyrus. These

tinct clusters in the prefrontal regions (inferior frontal gyrus, middle
frontal gyrus, anterior insula) and temporal/temporoparietal regions
(superior temporal gyrus)

results for comprehension and production overlap only in part
with the dissociation we found for thematic role assignment
(meta-analyses 2 and 5) versus morphosyntactic processing
(meta-analyses 3 and 6), despite the fact that, as discussed
above, the thematic role assignment-morphosyntactic pro-
cessing dissociation in our selection of studies was largely
confounded by the comprehension-production dichotomy. It
is worth noting here that this divergence, which in the case of
Na et al. (2022) is most likely due to the inclusion of studies
focusing not only on sentence processing but also on a variety
of tasks involving single words, further supports the view
that our meta-analytic results for thematic role assignment
versus morphosyntactic processing cannot be fully explained
by the mere dissociation between comprehension and produc-
tion, but rather reflect, at least in part, a genuine dissociation
between the two processes considered here.

Limitations

A thorough search of the literature on disorders of thematic
role assignment and of morphosyntactic processing in per-
sons with aphasia was conducted, to identify the neurofunc-
tional correlates of these two aspects of sentence processing.
The main limitation of the present report is that the num-
ber of eligible studies dealing with their neural correlates
is surprisingly small, to the point that meta-analyses with
sufficient statistical power were allowed only on the overall
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paper sample. All in all, the results are promising but pose
several questions that concern particularly the risk of bias
posed by the selected studies in relation to behavioral, neu-
rofunctional, and methodological issues.

As regards behavioral dimensions, caution is suggested
by the variability of the experimental paradigms (Table 3).
Across studies, comprehension was mostly assessed by pre-
senting a reversible sentence and asking the participant to
show comprehension by selecting the correct response from
thematic alternatives. The diversity of means used to reach
this goal does not permit an unequivocal interpretation of the
outcomes. A significant drawback is that damage to thematic
role assignment was evaluated by considering the overall
performance in tasks including small numbers of syntacti-
cally heterogeneous stimuli that varied greatly in complex-
ity, ranging from simple declaratives to subject- and object-
relatives, subject- and object-clefts, and Wh-questions. All
these sentences do require thematic role assignment, but
they recruit additional cognitive and linguistic skills to a
variable but significant extent. Furthermore, administering
small numbers of syntactically heterogeneous sentences may
not license strong conclusions on specific sentence types.
Another critical issue is that understanding of reversible sen-
tences was assessed via different tasks, such as sentence-
picture matching, sentence-picture verification, and meaning
acceptability, that pose different demands regarding the ease
of the decision (e.g., depending on the number of alternative
responses from which the participant must choose explicitly
or implicitly). Both considerations also apply to studies on
production, in which an even greater variety of tasks and
expected responses was exploited, including picture descrip-
tion, sentence completion, primed sentence production, sen-
tence anagram, semi-structured interviews, and story (re)
telling.

A further and very serious limitation is that in most cases
attention was focused exclusively on thematic analysis, and
target sentences were paired only with role reversal foils.
However, as stated in the “Introduction” section, mor-
phosyntactic analysis is just as indispensable as thematic
analysis in both comprehension and production, even in
morphologically poor languages like English. Since mor-
phosyntactic foils were not included in the experimental
tasks, errors interpreted as being the consequence of the-
matic deficits might have been determined by co-occurring
but neglected morphosyntactic difficulties. In comprehen-
sion, for example, failure to process the by-phrase in a pas-
sive sentence may result in incorrectly assigning the agent
role to the first argument instead of the second, because of
the “first noun bias.” In the absence of some independent
measure of morphosyntactic processing abilities, this error
would be scored as thematic. Consequently, the neurofunc-
tional correlates of thematic analysis proposed on these
bases must be taken with caution. Even though results show

@ Springer

that comprehending reversible sentences involves a fronto-
temporoparietal network, if and to what extent each com-
ponent of this network is involved in thematic analysis, in
morphosyntactic processes, or in both remains to be estab-
lished more clearly.

These limitations must be addressed in future studies.
Different experimental paradigms will always be used, of
course, but better control should be exerted when design-
ing experimental tools. To account more straightforwardly
for deviant performance, tasks should include more stimuli
but of fewer types, lest the mechanisms yielding incorrect
responses be inextricable. Complex syntactic structures
should be probed, but only in association with adequate
measures of the additional cognitive resources needed
to process them (e.g., short-term memory). In addition,
whether focusing on comprehension or production, experi-
mental tasks should assess both morphosyntactic and the-
matic processes, possibly in identical sentence contexts.
Studies in languages morphologically richer than English
can provide a more comprehensive picture of the interplay
between thematic and morphosyntactic processes.

From the neural viewpoint, the heterogeneity of brain
damage in the sampled population poses obvious prob-
lems. Most persons with aphasia in reported studies suf-
fered from cerebrovascular or neurodegenerative disease,
and some papers reported on individuals with brain gliomas
and epilepsy. These conditions differ along relevant clini-
cal dimensions, such as onset modality (abrupt vs slow),
disease course (limited but possible recovery vs inexorable
worsening), lesion type (tissue disruption vs infiltration), and
damage distribution (superficial and deep unilateral lesions
constrained by the vascular tree vs asymmetric but often
bilateral damage constrained by network connections but
not by blood vessel distribution). These factors may sig-
nificantly influence neurofunctional correlations. Diseases
with sudden as opposed to gradual onset (e.g., stroke vs
tumor and neurodegeneration) give different opportunities
for compensatory functional reorganization. Consequently,
the behavioral deficit documented in slowly evolving lesions
may not be transparently related to the original function of
the affected region(s). Different conditions also pose specific
challenges in lesion reconstruction. Necrotic tissue is easily
identifiable by structural MRI images in most stroke cases,
but in the face of slowly evolving gliomas or atrophy, the
boundary of the lesion is not always clear, and damage may
be partial. In recent years, it has been recommended that
for the purpose of accurate localization, lesion volume be
controlled in lesion-symptom correlation analyses (de Marco
& Turkeltaub, 2018; Moore et al., 2024). This is not the case
in many available reports (Table 4), but future investigations
should comply with this advice. Accumulating an increas-
ing number of studies will permit us to consider the effects
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that different etiologies may exert on the behavioral and the
neural correlates of sentence comprehension.

Finally, some studies retained for the analyses reported
in this manuscript used partially overlapping samples — not
an uncommon problem in ALE-based meta-analyses (Miiller
et al., 2018). An unspecified number of participants overlap
with Thothathiri et al. (2012) and Mirman et al. (2019), and
21 participants overlap with den Ouden et al. (2019) and
Matchin et al. (2020). An even more inextricable situation
affects Matchin et al. (2022). This study involves two sam-
ples of persons with aphasia: one performed a non-canon-
ical sentence comprehension task (Group 1) and the other
a speech production task (Group 2). Group 1 includes 47
participants from den Ouden et al. (2019) and 26 from both
den Ouden et al. (2019) and Kristinsson et al. (2020). Group
2 includes 39 participants from den Ouden et al. (2019), 21
from both den Ouden et al. (2019) and Kristinsson et al.
(2020), and 32 from Matchin et al. (2020). Finally, Group
1 and Group 2 overlap for an unspecified number of par-
ticipants. However compelling individually, these studies
create serious problems for review and meta-analyses of
neuroimaging studies, as it becomes virtually impossible to
properly account for statistical dependence between indi-
vidual observations. The effect size multiplicity issue in the
context of meta-analyses of neuroimaging studies has been
an especially challenging problem to address (Miiller et al.,
2018). Available methods that are amenable to low-dimen-
sional datasets (e.g., behavioral or clinical treatment effect
sizes), such as the multivariate or three-level meta-analytic
approaches (Cheung, 2019), are not readily applicable to
coordinate-based neuroimaging meta-analyses. As pointed
out by an anonymous reviewer, adequately handling statis-
tical dependencies between neuroimaging datasets would
require a not-yet-available multivariate random-effects
approach that can synthesize the spatial dependencies among
coordinates. Notwithstanding, in order to at least partially
remediate the methodological drawback in counting studies
with partially overlapping samples, we performed a series of
additional controls on our data. First, we carefully inspected
the resulting output produced by the GingerALE software.
This output provides information on the contribution of each
individual study to the significant meta-analytic clusters,
thus allowing us to estimate the likely impact of exclud-
ing one or more studies from the meta-analysis. Second, we
sought confirmation for these estimates through a sensitivity
analysis approach, in which we repeated every meta-analy-
sis after the exclusion of combinations of studies yielding
sample overlaps, including the least favorable combination
as projected by GingerALE (Supplementary Table 1 and
Supplementary Text). Importantly, the sensitivity analy-
ses confirmed distinguishable associations between mor-
phosyntactic processing and prefrontal areas and between
thematic role assignment and temporoparietal areas. Thus,

reassuringly, in our case, the effect size multiplicity bias
does not seem to substantially modify the distinguishable
outcomes of the analyses focused on thematic role assign-
ment and on morphosyntactic processing.

How to overcome the sample overlap bias in the future
remains unclear. Ideally, behavioral and neuroimaging docu-
mentation for individual participants should be made avail-
able on shared repositories.

Conclusions

The processing of semantically reversible sentences involves
a neural network that includes prefrontal areas (inferior fron-
tal gyrus, middle frontal gyrus, insula) and temporal areas
(superior temporal gyrus, but also middle temporal gyrus)
and extends into supramarginal gyrus and angular gyrus.
Thematic role assignment correlates mainly with the poste-
rior part of the superior and middle temporal gyrus, extend-
ing to the inferior part of the supramarginal and angular gyri
and involving the inferior frontal gyrus, albeit to a lesser
extent. In contrast, morphosyntactic processing correlates
mainly with the inferior and middle frontal gyri and, to a
lesser extent, with temporal and temporoparietal regions.
Exploratory meta-analyses contrasting thematic role assign-
ment and morphosyntactic processing suggest a stronger
association of the inferior and middle frontal gyrus with
morphosyntactic processing than thematic role processing
and the reverse correlation pattern for the middle tempo-
ral gyrus. These results confirm the correlation of temporal
and temporoparietal regions with thematic role processing,
documented in several recent studies. At variance with these
investigations, however, data strongly argue for the involve-
ment of prefrontal structures in sentence processing. Future
research should focus on defining the role of each area and
on the dynamics of the interactions in the network.

Results must be taken with caution. The available litera-
ture is limited (43 papers eligible for the literature review,
27 for the meta-analysis). Most studies of thematic role map-
ping disorders focus on sentence comprehension and most
investigations on morphosyntactic difficulties in sentence
production. Participants, who were for the most part native
speakers of English, were tested with very different tasks
and were affected by heterogeneous neurological conditions
that differently affect linguistic phenotype and ease of dam-
age compensation, thus yielding potentially problematic
lesion-symptom mapping results.

To overcome these limitations, future studies should
increase the database. Working with larger numbers will
not suffice to solve outstanding issues, however. Including
assessments of morphosyntactic and thematic processes in
both comprehension and production and possibly extending
analyses to languages with richer morphosyntax than English
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will be important. Ideally, investigations should focus on par-
ticipants with homogeneous etiologies and evaluated with
stimuli of comparable thematic and morphosyntactic diffi-
culty. Ways to control for participant sample overlaps should
be articulated. Consideration of these characteristics in future
studies will allow us to more clearly understand the neuro-
functional correlates of the two linguistic processes analyzed
in this manuscript and to identify the substrates involved in
the production and in the comprehension of sentences.
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