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Abstract

■ The lesion correlates of syntactic deficits in aphasia remain
poorly understood. Previous studies have suggested that dis-
tinct error types in expressive syntax may be associated with
damage to different brain regions, but the specific lesion corre-
lates of these errors have not been fully delineated. To address
this gap, we analyzed spontaneous speech samples from indi-
viduals with chronic aphasia, categorizing errors into hierarchi-
cal (paragrammatic-like) and linearization (agrammatic-like)
errors. Lesion-symptom mapping was conducted to identify
brain regions associated with these error types. Lesion clusters
in the medial superior temporal sulcus and inferior parietal lobe
were associated with hierarchical errors, whereas frontal

lesions, including those in the inferior and middle frontal lobe,
were associated with linearization errors. These results pro-
vide support for a two-stage model of syntactic encoding, with
distinct neural correlates for hierarchical and linearization pro-
cesses. Our findings suggest that distinct brain regions con-
tribute to different stages of syntactic encoding. Hierarchical
processing seems to be supported by posterior temporal–
parietal regions, whereas linearization seems to be supported
by frontal regions. These results suggest that the diagnosis and
treatment of aphasia could take into account the existence of
distinct syntactic production deficits resulting from different
patterns of brain damage. ■

INTRODUCTION

Historically, the study of grammatical deficits in aphasia
has focused overwhelmingly on the syndrome of agram-
matism. Expressive agrammatism is characterized by
syntactic reduction and simplification in speech output,
typically with omitted verbs and functional elements,
and difficulty producing noncanonical sentence struc-
tures, resulting in so-called telegraphic speech (e.g.,
and he meet the prince at party [participant M2006]1;
Kean, 1977; Goodglass, 1968; Jakobson, 1956). Lesion-
deficit correlation studies in both stroke-based and pri-
mary progressive aphasia have found associations
between expressive agrammatism and damage or degen-
eration to frontal cortex, including Broca’s area (Matchin
et al., 2020; Den Ouden et al., 2019; Whitwell et al., 2017;
Thompson, Den Ouden, Bonakdarpour, Garibaldi, &
Parrish, 2010;Wilson et al., 2010). By contrast, little is known
about the lesion basis of paragrammatism—another syn-
drome of grammatical deficits in aphasia. Paragrammatism
is characterized by transpositions, substitutions, and inser-
tions often resulting in ungrammatical sentences,

sometimes called “sentence monsters” (e.g., oh actually
before that they her Cindreller he had some nice and she
saw that and she threw out take the necklace and all this
stuff to not good [participant M2226]; Matchin et al., 2020;
Kleist, 1914). Although agrammatism has traditionally been
associated with nonfluent aphasic syndromes (e.g., Broca’s)
and paragrammatism with fluent aphasic syndromes (e.g.,
Wernicke’s, conduction), our focus here is the syntactic-
level symptoms (error patterns), independent of clinical
aphasia categories.

Although few in-depth studies of paragrammatic speech
errors have been performed (Butterworth and Howard
[1987] and Goodglass, Christiansen, and Gallagher
[1993] being notable exceptions), some authors have
argued that agrammatism and paragrammatism result
from the same underlying syntactic deficit (Kolk &
Heeschen, 1992; Heeschen, 1985). However, recently it
has been proposed that these two syndromes result from
damage to distinct brain systems (Matchin & Hickok,
2020), mapping onto distinct deficits in broad stages of
syntactic encoding in prevailing psycholinguistic theo-
ries of sentence production (Yeaton, Fahey, Khosshal
Mollasaraei, Krauska, & Matchin, 2025). Under these
theories, the abstract syntactic structure of a sentence is
generated in two phases: an initial abstract hierarchical
phase, which constructs a relational hierarchy that
encodes the meaning of an utterance (sometimes termed
“functional” processing), and a subsequent linearization
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and phonological encoding phase (sometimes termed
“positional” processing; Krauska & Lau, 2023; Matchin &
Hickok, 2020; Ferreira & Slevc, 2007; Bock & Levelt,
1994). During the first phase, the brain retrieves lexical
and structural information that encodes the individual
entities, semantic roles, and semantic relations of themes-
sage and joins these items into a hierarchically organized
structure to encode the relationships between words and
phrases. During the second phase, the elements of the
tree are then linearized at the morphosyntactic and pho-
nological levels and transformed into a linear sequence
suitable for production by the speech motor system.
These two phases have different names under different
theoretical accounts, but we will refer to them as the hier-
archical and linearization phases, respectively (Matchin
& Hickok, 2020). Roughly speaking, we hypothesize that
paragrammatic deficits are typically caused by breakdowns
in the initial hierarchical stage, and agrammatic deficits
are typically caused by breakdowns in the second, linear-
ization stage.

While the two-stage hierarchical/ linearization frame-
work guides our predictions and error categorization, we
note that other theoretical perspectives are not necessarily
incompatible with the present approach. Lexicalist
accounts, for instance, treat syntactic and lexical opera-
tions as deeply intertwined (see Krauska & Lau, 2023, for
a review); under such accounts, what we term “hierarchi-
cal errors”may partly reflect failures at the lexical–syntactic
interface rather than purely structural computation. Pre-
dictive coding accounts, on the other hand, treat syntactic
structure as emerging from hierarchical predictions at
multiple levels of abstraction (Schrimpf et al., 2021), and
these would likely map onto our hierarchical stage. Our
error coding scheme is deliberately agnostic to the specific
computational mechanism underlying each stage, focus-
ing instead on observable surface consequences.

Consistent with these hypotheses, Matchin and
colleagues (2020) used a perceptual approach to identify
aphasic patients as predominantly agrammatic or para-
grammatic in character and found that the lesion correlates
of agrammatism and paragrammatism doubly dissociate:
Large frontal lesions were associated with agrammatism,
and posterior temporal–parietal lesions were associated
with paragrammatism (see also Casilio et al. [2025] for
converging evidence). However, this holistic, perceptual
approach could have conflated nonsyntactic deficits (such
as prosodic, lexical, and phonological issues) with syntac-
tic ones. In addition, this approach focused on the tradi-
tional clinical impressions of deficits rather than more
clearly categorizing patients or utterances according to
underlying functional mechanisms encoded by the brain,
which likely do not map cleanly onto those clinical
syndromes.

The present study improves upon previous approaches
by presenting lesion-mapping analyses of grammatical def-
icits in aphasia based on an utterance-level coding scheme
motivated by a psycholinguistic model of sentence

production. This analysis was performed on an
utterance-by-utterance basis—akin to what is common
practice in scoring picture naming errors—rather than
the global impression ratings used previously (Fahey et al.,
2025). We predicted, consistent with previous results, a
double dissociation in the lesion profiles of grammatical
production deficits in people with aphasia: Linearization-
level errors (those which generally typify agrammatism)
should be associated with frontal lobe lesions, whereas
hierarchical-level errors (those which generally typify
paragrammatism) should be associated with lesions in
the posterior temporal lobe.

METHODS

Participants

Participants were drawn from a database of individuals
with chronic, poststroke aphasia who have completed
testing for various studies conducted at the University of
South Carolina and the Medical University of South Caro-
lina over the last 15 years. All were native speakers of
English, had suffered an ischemic stroke to the left hemi-
sphere at least 6 months before the study, and presented
with language difficulties (all participants had presented
with aphasia in the acute phase following their stroke,
which formed the basis of their enrollment in the respec-
tive studies, and most participants were classified as apha-
sic according to the WAB-R [Kertesz, 2007] during tests in
the chronic phase, although some scored outside of the
aphasic range by the time of examination). From this data-
base, 79 participants were selected (mean age= 59.7 years
old [range: 29–80 years old], 31women). Participants were
diagnosed with the following aphasia types: 21 with
anomia, 25 with Broca’s aphasia, 18 with conduction
aphasia, 2 with global aphasia, 1 with transcortical motor
aphasia, 1 with transcortical sensory aphasia, and 5 with
Wernicke’s aphasia. Six participants were classified as not
aphasic according to theWAB-R. Fifty-one of the included
participants were selected because of their inclusion in
Matchin and colleagues (2020). Selection for that study
was based on the amount of intelligible speech output
recorded during their retelling of the story of Cinderella;
see below). The remaining 28 participants were selected
from the database based on the availability of imaging data
and a transcribed Cinderella discourse sample with at least
102 intelligible, nonfiller utterances (Fahey et al., 2025). All
procedures were approved by the internal review board at
the University of South Carolina (Pro00053559), informed
consent was obtained, and data were de-identified.

Elicitation Protocol

To elicit speech, we followed the story-retelling proto-
col from AphasiaBank (MacWhinney, Fromm, Forbes,
& Holland, 2011). Participants first reviewed a picture
book of the Cinderella story (text omitted). The book
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was then removed, and they were asked to retell the Cin-
derella story in their own words. Video recordings were
made, lasting from a few seconds to more than 5 min. Par-
ticipants were instructed to use content from the book
and their own recollection. Videos were transcribed by
speech-language pathology master’s students following
CHAT-CLAN conventions (MacWhinney et al., 2011).

Coding Scheme

Utterances that contained linguistic content (i.e., not filled
pauses) were coded according to the type of errors they
contained (Fahey et al., 2025). If an utterance was not a
well-formed sentence or phrase, the syntactic error was
determined by estimating the least changes that would
have rectified the objective ungrammaticality. Errors in
hierarchical processing (“Hier”) were typically identifiable
by the overuse or misuse over hierarchical structuring ele-
ments and included subcategorization violations, fusion
errors, exchange errors, and unfilled nodes or branches,
whereas errors in linear processing (“Lin”) were usually
identifiable by reduced structural elements and included
word order violations, functional morpheme errors (e.g.,
inflection errors), or telegraphic speech (evidence of
defective frame building). Single omission errors (“O”),
utterances in which a single functional morpheme omis-
sion caused ungrammaticality, were included as a separate
category because of low confidence in their categorization
as either hierarchical or linear errors. For example, in the
utterance “the boy walk,” the third-person present tense
–s is absent from the verb. This could be a linearization
error whereby the morpheme –s was omitted at the line-
arization stage, with the hierarchical relation required for
establishing agreement between the subject and verb

phrase intact. On the other hand, the omission may have
arisen due to correct linearization of degraded structure at
the hierarchical level (e.g., the verb agreement relations
were not well formed). This general uncertainty in many
cases motivated the omission “O” category to limit noise
in our categorization. Finally, utterances could be identi-
fied as having both hierarchical and linearization errors
(H + L), exhibiting apparent deficits in both levels. For
the list of syntactic utterance codes as well as examples,
see Table 1 (see Supplement 1 for a more extensive list
of annotated examples). All utterances received two addi-
tional codes: presence or absence of each phonological
and semantic errors/paraphasias (regardless of the pres-
ence of syntactic errors).

Three expert raters (D. F., J. Y., and M. G.)—each blind
to participants’ aphasia type, psychological assessment
scores, prior ratings from Matchin and colleagues (2020),
and lesions—viewed the transcripts and coded each utter-
ance where the target could reasonably be inferred
according to the schema outlined above. Consensus was
reached between the initial raters for each utterance.
Two additional expert raters (W. M. and B. S.) rated a sub-
set of samples. The subset of samples was the same for
each additional rater and was selected to represent a vari-
ety of aphasia types and evaluations. These expert raters
were also blinded to participants’ aphasia types, psycho-
logical assessment scores, lesions, and ratings in Matchin
and colleagues. All raters were experienced language
scientists with a mix of backgrounds in aphasia research,
psycholinguistics, and theoretical linguistics.

To determine rater agreement between the original
consensus codes and the codes provided by the additional
raters, Cohen’s kappa was used. Overall, secondary raters
agreed with the consensus codes on grammaticality in

Table 1. System of Coding Syntactic Errors and Example Utterances

Utterance Codes Example

Hier: deficits in hierarchical and grammatical function processing;
subcategorization violation, fusion errors, exchange errors, unfilled
nodes or branches (e.g., lexical items or phrases required by syntactic
relations), ungrammatically inserted branches

“She was thinking about that things that she was for
everything she was goings something”

Lin: deficits in linearization/positional processing; word order violations,
functional morpheme errors (e.g., inflection errors), telegraphic speech
(evidence of defective frame building)

“And he meet the prince at party”

O: ungrammatical utterance (a/p indeterminate due to single omission of
a functional morpheme)

“And the first guy wasn’t going them”

H + L: combination of hierarchical and linearization errors “Anyway it’s right at midnight she realize she’s
supposed to go back at midnight back”

N: phonological errors paraphasia/neologism only “Well they ripped her outfit apout”

S: semantic errors; grammatical but semantically incoherent “The slippers went off”

FP: Filled Pauses/ hesitation “Okay, umm”

G: grammatical utterance “And they were all trying on the shoes to see which of
them could get into the shoes”
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79.6% of utterances and exact code in 69.8% of utterances.
Raters agreed on the presence/absence of a hierarchical
error on 80.1% of utterances and the presence/absence
of a linearization error on 91.7% of utterances.

There was “moderate” agreement between the second-
ary raters and the consensus codes regarding grammatical-
ity (k = 0.557, 95% CI [0.494, 0.620]) and “moderate”
agreement between raters with regard to specific codes
(unweighted k=0.426, 95%CI [0.372, 0.481]). Consensus
was most difficult differentiating between grammatical
sentences from those containing hierarchical errors. The
lack of agreement around what constitutes a hierarchical
error is consistent with the interrater reliability results on
paragrammatism from Matchin and colleagues (2020) as
well as the lower interrater reliability reported by Casilio,
Rising, Beeson, Bunton, and Wilson (2019) for paragram-
matism relative to stereotypical agrammatic features.

Scanner Protocol and Lesion Mapping

High-resolution MRI data (T1- and T2-weighted images)
were collected at the University of South Carolina and
the Medical University of South Carolina.3 Lesions were
demarcated onto each participant’s T2 image by an expert
neurologist or an expert cognitive scientist, each blind to
the behavioral data. Lesion maps were then aligned to the
high resolution T1 image. Lesions were replaced with the
corresponding brain structure from the intact hemi-
sphere, and this image as well as the lesion map in partic-
ipant space were subsequently warped to the Montreal
Neurological Institute space (Nachev, Coulthard, Jäger,
Kennard, & Husain, 2008) using SPM12 (Ashburner &
Friston, 2005). The warped lesion map was then binar-
ized with a 50% probability threshold, which was used to
perform voxel-wise analyses.

Analysis

For each participant, the total number of utterances of
each error type were summed and divided by the partici-
pant’s total number of nonhesitation utterances. This
resulted in a proportion of each error type for each partic-
ipant. Because the number of intelligible, nonhesitation
utterances varied drastically by participant (range = 10–
148, mean = 39.0), a simple count of each error type
would not be appropriate. We also calculated the propor-
tion of utterances containing phonological (Phon) and
semantic (Sem) paraphasias, respectively. Note that we
only coded for the presence or absence of errors in each
utterance, rather than counting errors of each kind in each
utterance. Given that mixed errors contain both hierarchi-
cal and linearization errors, we calculated two different
proportions for hierarchical and linearization errors each:
one that contains mixed errors (all) and one that excludes
mixed errors (“pure” errors). As such, mixed errors are
excluded from the “pure” error analyses. The (all) propor-
tions allow the broadest possible analyses of each error

type, whereas the (“pure”) proportions allow the analyses
that identify the most separable lesion correlates of each
error type.

Lesion-behavior Mapping

For each error type, we ran a whole-brain voxel-based
lesion-symptom mapping analysis using SVRLSM
(DeMarco & Turkeltaub, 2018). Images were resampled
to 2-mm3 isotropic voxels. We corrected for lesion volume
by regressing it out of both behavior and lesion data and
included only voxels with damage in at least eight partici-
pants (10.1%; coverage shown in Figure 2A). Resulting
voxel-wise SVR-β values were thresholded at p < .005
based on 10,000 permutations. For each syntactic error
type, we used phonological and semantic error rates, num-
ber of utterances produced, and WAB-AQ Fluency and
object naming scores as nuisance covariates. In the result-
ing thresholded statistical maps, we used the connected_
components method in nilearn (Abraham et al., 2014) to
extract coordinates and volume for groups of suprathresh-
old voxels (Table 3). Only clusters with a volume of
800 mm3 or greater are shown in the table.
To assess the robustness of the SVR-LSM results to indi-

vidual participant influence, we conducted a subsampling
analysis in which, for each behavioral variable, four partic-
ipants were randomly removed from the full sample and
the SVR-LSM analysis was rerun on the remaining partici-
pants. This procedure was repeated 50 times per variable,
each time drawing a new random subsample without
replacement. For each iteration, permutation-based
thresholding was applied using 1000 permutations at a
voxelwise threshold of p < .005 and a clusterwise thresh-
old of p< .05. To quantify the spatial consistency of results
across iterations, we computed pairwise Pearson correla-
tions between the unthresholded beta maps from all 50
runs. In addition, each subsampled beta map was corre-
lated with the beta map from the full-sample analysis to
assess how closely the reduced-sample solutions approxi-
mated the complete data set solution. All robustness anal-
yses were implemented in MATLAB using a custom
scripted pipeline that interfaced with the SVRLSM toolbox.

Predictive Validity Comparison

To determine whether the different observed behavioral
patterns in our data are the result of the same underlying
lesion damage, we conducted supplemental predictive
validity comparison (PVC) analyses (Magnotti, Patterson,
& Schnur, 2023) based on sparse canonical correlation
analysis for neuroimaging (Pustina, Avants, Faseyitan,
Medaglia, & Coslett, 2018), using the default settings in
the PVC software from Magnotti and colleagues (2023).
PVC establishes that two lesion-behavior maps are distinct
if and only if they provide unique predictive power for the
behaviors being assessed: PVC tests whether participants’
behavioral scores can best be predicted by a single (null)
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lesion model or distinct (alternative) lesion models for
each behavior. To investigate whether our different syn-
tactic error types, as well as phonological and semantic
deficits, might be due to the same underlying neural tis-
sue, we performed these PVCs pairwise between the syn-
tactic error type rates, as well as between each of the
syntactic error types and proportions of phonological
and semantic errors.

Atlas-based Fiber Tracking

To investigate the extent to which the significant lesion
clusters were associated with disruption of white matter
tracts, we extracted tractograms associated with significant
clusters derived from our voxel-based lesion-symptom
mapping analyses (Table 3) using DSI Studio (https://dsi
-studio.labsolver.org). We ran deterministic fiber tracking4

with each cluster as a ROI to filter out fibers that do not
pass through that region. Identified fibers were automati-
cally clustered into their corresponding tracts. Based on
the tractography associated with each ROI, we next

Table 2. Distribution of Error Types across Participants

Score M SD Max Min

# Utterances 39.0 30.9 148 10

% Grammatical 0.566 0.230 1.0 0

% Mixed 0.045 0.080 0.538 0

% All hierarchical 0.265 0.156 0.654 0

% Pure hierarchical 0.220 0.134 0.60 0

% All linearization 0.148 0.229 0.944 0

% Pure
linearization

0.103 0.217 0.944 0

% Omissions 0.066 0.073 0.286 0

% Phonological
errs

0.281 0.228 0.852 0

% Semantic errs 0.177 0.148 0.731 0

Figure 1. Behavioral results. (A) Overall distribution of error types across participants. (B) Error distributions for select participants illustrating
divergent patterns of errors. Scores above the horizontal gray line are syntactic (all syntactic errors, mixed errors, pure hierarchical errors, all
hierarchical errors, omission errors, pure linearization errors, all linearization errors), whereas scores below the line are nonsyntactic (phonological
and semantic errors).
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computed a disconnection index, defined as the number
of fibers intersecting each ROI divided by its volume. This
allows us to quantify the extent to which an ROI was inter-
connected to other parts of the brain and/or the extent to
which an ROI contributes to disconnections between
other regions, controlling for size of the ROI.

RESULTS

Behavior

Group average proportions of errors in each category can
be found in Table 2 and are visualized in Figure 1A. Partic-
ipants demonstrated a wide range of behavioral profiles,
with some presenting with a complete or near-complete
inability to produce a syntactically well-formed utterance
and others who committed few-to-no syntactic errors in
their elicitations (Figure 1B). Overall, participants pro-
duced an average of 39.0 utterances (SD = 30.9). Within
those utterances, participants ranged widely over the pro-
portion of error-containing utterances they produced as
well as how their errors distributed over our categories.
Figure 1B shows the error distributions for a few exemplar
participants who showed clear patterns of linearization

(Participant 02), mixed (Participant 09), or hierarchical
(Participants 32 and 36) errors. More detailed analyses
and examples of error types are available in Supplement 1.

Lesions Associated with Overall Syntactic
Error Rate

We first conducted a lesion-symptom mapping analysis
looking at overall syntactic error rate by aggregating over
the different syntactic error types (hierarchical, linear,
mixed, or omissions). The lesion map corresponding to
overall syntactic error rate identifies scattered voxels
across much of the canonical left-hemisphere language
network, extending through parts of the frontal lobe,
superior temporal lobe, and parts of the superior and infe-
rior parietal lobes; however, only clusters in the temporal
and parietal lobes met our cluster size cutoff (Figure 2B).

Lesions Associated with Overall Hierarchical and
Linearization Error Rates

Next, we asked whether the broad network implicated in
syntactic ability could be partitioned into computational

Figure 2. Lesion-behavior mapping results. (A) Lesion overlap showing voxels included in the analysis with damage in at least five participants. (B–E)
Unthresholded lesion maps corresponding to (B) overall syntactic error rate by collapsing across all syntactic error types (i.e., hierarchical, linear,
mixed, or omissions), (C) pure hierarchical error rate (i.e., excluding mixed hierarchical + linearization errors), (D) pure linearization error rate (i.e.,
excluding mixed hierarchical + linearization errors), and (E) omission error rate. Color scale denotes z value. Extracted clusters are outlined in yellow
(NB: no clusters of sufficient size were found for omission errors). (F) Significant voxels associated with impressionistic ratings of agrammatic (warm
colors) or paragrammatic (cool colors) from Matchin and colleagues (2020).
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subcomponents. To do so, we examined the lesions corre-
sponding to the overall rate of hierarchical and lineariza-
tion errors. In each of these, we used the proportion of
utterances presenting with hierarchical errors (i.e., utter-
ances coded as hierarchical or mixed hierarchical + linear-
ization errors) or proportion of utteranceswith linearization
errors (i.e., utterances coded as containing linearization
errors ormixedhierarchical+ linearization errors). As such,
utterances coded asmixedhierarchical+ linearizationwere
included in both scores. Under this approach, a dissociation
between hierarchical and linearization errors emerged:
Hierarchical errors were associated with damage to the
middle temporal gyrus (MTG), as well as parts of the poste-
rior and superior parietal lobe. Linearization errors, on the
other hand, were associated with damage to two disjoint
clusters: in the middle frontal gyrus (MFG) and the pars
orbitalis of the inferior frontal gyrus (IFG; Table 3).

Lesions Associated with “Pure” Hierarchical and
Linearization Errors

Because the above analyses includedmixed errors in both
rates—which added power but also added noise—we con-
ducted further analyses for the rates of hierarchical and lin-
earization errors, using only the rate of “pure” errors of
each kind, that is, excluding mixed errors. The results of
this analysis largely agree with the results observed above,
which include mixed errors. Crucially, we do not observe
any meaningful overlap between the voxels associated

with hierarchical and linearization errors. The lesion map
associated with hierarchical errors included a cluster in the
MTG and mid-to-posterior superior temporal sulcus (STS)
and in the medial parietal lobe (Figure 2C). Similar to
above, “pure” linearization errors were associated with
two frontal clusters in the MFG and IFG orbitalis
(Figure 2D).

Lesions Associated with Errors of Omission

Although we found a few scattered suprathreshold voxels
associated with errors of omission of functional syntactic
elements (e.g., determiners, tense marking), none com-
prised a large enough cluster to meet our threshold of
800 mm3 (Figure 2E).

Lesions Associated with Rates of
Nonsyntactic Errors

Finally, we examined the lesions associated with nonsyn-
tactic (i.e., phonological and semantic) error rates. Phonol-
ogical errors (e.g., phonological paraphasias, neologisms)
were associated with a posterior–inferior frontal and
anterior inferior parietal lesion, extending into the supe-
rior insula (Supplemental Figure S1A). Semantic errors,
on the other hand, were associated with two clusters
encompassing most of the STS and MTG (Supplemental
Figure S1B).

Table 3. Coordinates in Montreal Neurological Institute Space and Volume for Connected Components of Lesions

Error Type x y z Size (mm3) Region

All syntactic errors −55.83 −69.46 17.91 1128 Inf Par

All syntactic errors −50.13 −23.6 53.21 1968 poC

All syntactic errors −41.48 −7.79 −7.19 2320 STS/MTG

All syntactic errors −39.79 −39.89 27.93 1192 SMG

Pure hierarchical errors −44.22 −27.47 −2.32 1544 STS/MTG

Pure hierarchical errors −25.56 −68.99 48.24 952 Med Par

All hierarchical errors −55.61 −13.9 −16.86 4488 MTG

All hierarchical errors −39.61 −74.22 36.65 2680 Inf Par

All hierarchical errors −29.81 −10.12 48.18 2056 poC

All hierarchical errors −27.48 −61.11 51.68 1632 Med Par

All hierarchical errors −31.09 −42.09 61.29 880 Sup Par

Pure linearization errors −51.08 16.39 32.69 5616 MFG

Pure linearization errors −38.18 25.87 −14.41 5144 IFG Orb

All linearization errors −52.69 16.09 33.95 2816 MFG

All linearization errors −52 21.73 −11.64 1456 IFG Orb

The lesions corresponding to the error types in italics are visualized in Figure 2. Inf Par = inferior parietal; poC = postcentral; SMG = supramarginal
gyrus; Med Par = medial parietal; Sup Par = superior parietal.
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Robustness of Lesion-behavior Mapping Results

We find moderate-to-strong consistency under repeated
subsampling of four participants across 50 iterations
(Table 4), with mean pairwise correlations ranging from
r = .750 (all linearization) to r = .916 (omissions). Corre-
lations against the full-sample beta maps were uniformly
higher than pairwise interrun correlations, ranging from
r = .757 (all linearization) to r = .953 (omissions), sug-
gesting that although individual subsampled runs vary
somewhat from one another, they collectively remain
close to the full-sample solution. Variability was greatest
for linearization errors, which showed the widest ranges
in pairwise r (.445–.999 and .505–.999, for all and pure,
respectively) and the largest standard deviations, indicat-
ing occasional runs that diverged notably from the group.
Overall, the results support the robustness of the SVR-LSM
findings.

Comparison of Our Results to Findings from
Matchin and Colleagues (2020)

To assess our results against prior work, we compared the
SVRLSM results for our proportions of syntactic errors
against the clinical consensus classifications from Matchin
and colleagues (2020). We found that our lesion associ-
ated with an increased proportion of linearization errors

was very similar to the lesion associated with impression-
istic agrammatic ratings (compare Figure 2D with warm
colors in Figure 2E). On the other hand, although one of
the regions associated with the proportion of hierarchical
error utterances overlapped with the lesion associated
with a clinical classification of paragrammatism, the
error-based lesion identified here was divided into two
clusters: one in the mid- to posterior STS (overlapping
with paragrammatism) and another in the medial parietal
lobe.

Dissociation between Syntactic and
Nonsyntactic Errors

We found that the model that assumes that hierarchical
and linearization error rates arise from distinct cortical foci
significantly outperformed the null model, which assumes
they arise from the same underlying lesion (AIC of 1703.86
where values greater than 10 are considered decisive evi-
dence in favor). The same dissociation was found inmodels
comparing the lesions underlying syntactic error rates
(pure hierarchical and linearization) to phonological
(AIC = 816.63 and 766.60, respectively) and semantic
(AIC = 1030.01 and 1224.60, respectively) error rates. In
fact, we found that all pairwise comparisons of our error
rates produced reliable dissociations, except (unsurpris-
ingly, and reassuringly) for comparing all hierarchical with

Table 5. Pairwise PVC Results (AIC Values)

All Hierarchical Pure Hierarchical All Linearization Pure Linearization Omission Semantic

Pure hierarchical −137.48

All linearization 1062.89 1593.66

Pure linearization 1517.79 1703.86 −250.69

Omission 602.95 674.84 1730.75 1757.29

Semantic 649.2 1030.01 765.15 1224.6 834.89

Phonological 555.7 816.63 701.26 766.6 1036.44 906.8

All pairwise comparisons resulted in dissociations between the lesion correlates for the two tested behaviors (i.e., AIC > 10, indicating that a model
that assumes different neural correlates for the two behaviors provides better prediction accuracy than a model assuming a single, shared neural
correlate) except for all hierarchical versus pure hierarchical and all linearization versus pure linearization.

Table 4. Results of Robustness Analyses

Beta Map Cross-correlations Cross-correlation with Full Sample

Variable Mean r SD Max Min Mean r SD

All syntactic .83 0.11 0.993 0.516 .888 0.105

Pure hierarchical .891 0.041 0.995 0.773 .929 0.035

All hierarchical .871 0.072 0.997 0.616 .901 0.075

Pure linearization .826 0.107 0.999 0.505 .828 0.1

All linearization .75 0.137 0.999 0.445 .757 0.15

Omissions .916 0.044 1 0.654 .953 0.029
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Table 6. Clusters Used for Fiber-tracking Analyses and Corresponding Tracts

Error Type Region Size (mm3) Cluster Fibers DI Tract Percent Tract Fibers

Pure hierarchical pSTS 1544 14,370 9.31 Inferior longitudinal fasciculus 45.78% 6579

Inferior fronto-occipital fasciculus 26.77% 3847

Arcuate fasciculus 11.21% 1611

Middle longitudinal fasciculus 10.70% 1538

Superior Longitudinal Fasciculus 2 0.02% 2

Med Par 952 655 0.69 Middle longitudinal fasciculus 40.15% 263

Superior Longitudinal Fasciculus 2 0.76% 5

Superior Longitudinal Fasciculus 1 0.15% 1

Inferior fronto-occipital fasciculus 0.15% 1

All hierarchical MTG 4488 14,323 3.19 Inferior longitudinal fasciculus 67.63% 9686

Arcuate fasciculus 18.10% 2592

Inferior fronto-occipital fasciculus 8.09% 1158

Middle longitudinal fasciculus 3.23% 461

Inf Par 2680 3567 1.33 Superior Longitudinal Fasciculus 2 11.07% 394

Middle longitudinal fasciculus 8.80% 314

Inferior fronto-occipital fasciculus 7.96% 283

Inferior longitudinal fasciculus 2.27% 81

Superior Longitudinal Fasciculus 3 0.56% 19

Arcuate fasciculus 0.31% 10

poC 2056 15,120 7.35 Superior Longitudinal Fasciculus 2 23.32% 3525

Frontal aslant tract 10.46% 1582

Arcuate Fasciculus 0.11% 17

Superior Longitudinal Fasciculus 1 0.05% 8

Med Par 1632 3520 2.16 Middle longitudinal fasciculus 27.19% 956

Superior Longitudinal Fasciculus 2 10.91% 384

Inferior fronto-occipital fasciculus 5.60% 196

Arcuate fasciculus 0.43% 14

Superior Longitudinal Fasciculus 1 0.03% 1

Inferior longitudinal fasciculus 0.03% 1
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Table 6. (continued )

Error Type Region Size (mm3) Cluster Fibers DI Tract Percent Tract Fibers

Sup Par 880 498 0.57 Superior Longitudinal Fasciculus 2 20.68% 102

Arcuate fasciculus 2.01% 9

Middle longitudinal fasciculus 1.81% 9

Frontal aslant tract 0.60% 3

Pure linearization MFG 5616 6550 1.17 Arcuate fasciculus 35.22% 2307

Frontal aslant tract 33.54% 2197

Superior Longitudinal Fasciculus 2 22.43% 1469

Inferior fronto-occipital fasciculus 0.27% 17

Superior Longitudinal Fasciculus 3 0.05% 2

IFG Orb 5144 9713 1.89 Inferior fronto-occipital fasciculus 45.85% 4453

Uncinate fasciculus 32.33% 3139

Middle longitudinal fasciculus 0.08% 7

Inferior longitudinal fasciculus 0.05% 4

Arcuate fasciculus 0.02% 2

All Linearization MFG 2816 2385 0.85 Arcuate fasciculus 32.96% 786

Frontal aslant tract 30.90% 737

Superior Longitudinal Fasciculus 2 27.97% 667

Inferior fronto-occipital fasciculus 0.08% 1

IFG Orb 1456 313 0.21 Inferior fronto-occipital fasciculus 69.01% 216

Middle longitudinal fasciculus 17.57% 55

Uncinate fasciculus 4.79% 14

Inferior longitudinal fasciculus 3.51% 11

Arcuate fasciculus 2.56% 7

Inf Par: inferior parietal; poC = postcentral; SMG = supramarginal gyrus; Med Par = medial parietal; Sup Par = superior parietal.
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Figure 3. Atlas-based fiber-tracking results. (A) Columns IFGorb (IFG – pars orbitalis), pFC, and pMFG (posterior MFG)/prC/poC (precentral gyrus
and postcentral gyrus) are from the clusters derived from the lesion maps for linearization errors. (B) Columns pSTS (posterior superior temporal
sulcus) and Inf Par (inferior parietal) are from the clusters derived from the lesion maps from hierarchical errors. (C) Tracts connecting the pSTS
cluster to the MFG cluster.
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pure hierarchical and all linearization with pure lineariza-
tion (Table 5).

Atlas-based Fiber Tracking

Cortical association tracts identified by our analyses, as
well as the percentage and count of fibers interrupted by
a given cluster, are given in Table 6. The highest discon-
nection index was associated with the STS/MTG cluster
for pure hierarchical errors (9.31), followed by the post
central cluster for all hierarchical errors (7.35). The
tracts with the highest number of fibers interrupted by
the hierarchical error ROIs were the inferior longitudi-
nal, inferior fronto-occipital, middle longitudinal, and
arcuate fasciculi. Tracts most interrupted by the lineari-
zation ROIs were the frontal aslant tract, arcuate, supe-
rior longitudinal, inferior fronto-occipital, and uncinate
fasciculi. Finally, we identified tracts that passed
through two or more of the identified ROIs (Figure 3C).
We find that the middle longitudinal fasciculus has fiber
that pass through both the hierarchical error posterior
temporal ROI and the medial parietal hierarchical ROI.
The arcuate fasciculus has fiber that passes through both
the posterior temporal and MFG (linearization) ROIs. The
inferior fronto-occipital fasiculus and inferior longitudinal
fasciculus have fibers that pass through both the posterior
temporal ROI and the IFG Pars Orbitalis (Orb) ROI. The
superior longitudinal fasciculus has fibers that pass
through both the medial parietal (hierarchical) and
MFG ROIs.

DISCUSSION

This work aimed to identify the lesion correlates associ-
ated with different expressive syntactic error types in a
cohort of individuals with chronic poststroke aphasia.
We built on prior work by introducing a novel utterance-
level analysis of grammatical errors in spontaneous speech
by people with aphasia to characterize and quantify syntac-
tic output rather than relying on holistic clinical impres-
sions resulting in binary classifications (Casilio et al.,
2019, 2025; Matchin et al., 2020). Our results support
the double dissociation identified by Matchin and
colleagues (2020) using a more granular and higher-
dimensional behavioral measure in an expanded sample
of participants. We found that hierarchical and lineariza-
tion deficits in syntactic production characterized at the
utterance level doubly dissociate. More precisely, hierar-
chical errors, theorized to be typical of paragrammatism,
were associated with posterior temporal–parietal lesions,
and linearization errors, theorized to be typical of agram-
matism, were associated with middle and inferior frontal
lesions. This neural dissociation of grammatical errors con-
verges with the cognitive-behavioral dissociation encoded
in popular two-stage models of grammatical encoding in
sentence production (Yeaton et al., 2025), which posit

distinct processing stages associated with hierarchical
and linearization mechanisms.

Neural Basis of Sentence Planning

Previous lesion-symptom mapping work using clinical
classifications of agrammatism and paragrammatism
found that individuals classified as agrammatic had lesions
predominantly in the inferior and middle frontal lobe,
whereas participants classified as paragrammatic had
lesions in the posterior temporal lobe (Casilio et al.,
2025; Matchin et al., 2020; Figure 2F). Our lesion-symptom
mapping results from rates of linearization errors corrob-
orate prior findings associating expressive agrammatism
with lesions to the frontal lobe (Figure 2D). Consistent
with Matchin and colleagues’ (2020) findings, we found
that lesion correlates associated with the proportion of
hierarchical errors were spatially disjoint from the lesion
correlates of linearization errors and localized to posterior
temporoparietal cortex (Figure 2C). AlthoughMatchin and
colleagues’ (2020) finding for paragrammatic classification
covers significant portions of the posterior temporal lobe,
our result is more circumscribed and we see two disjoint
clusters emerge: one in the MTG, STS, and underlying
white matter and the other in the medial parietal lobe.
Corroborating our findings, atrophy to both white mat-

ter and cortex in both of the regions associated with pure
hierarchical errors has recently been shown to associate
with complex syntactic output in discourse in primary pro-
gressive aphasia (Matias-Guiu et al., 2022). In addition, we
note that the extensive number of white matter tracts that
pass through the posterior temporal cluster (Figure 3B)
suggests that this may be the most consistent lesion site
that produces behavioral deficits due to the functional dis-
ruption caused by disconnecting core parts of the lan-
guage processing network. It is possible that the two
lesion sites in MTG/STS and parietal lobe (and the corre-
sponding white matter disconnections) both reflect dis-
ruption to the same underlying hierarchical processing
system; however, it could be the case that each lesion site
reflects disruption to distinct underlying subsystems, with
breakdowns in either subsystem resulting in similar-
appearing hierarchical deficits in output. One of these
areas might underlie the actual hierarchical computations
needed to construct a well-formed syntactic tree (Matchin
& Hickok, 2020). The other might support sensorimotor
transformations between the abstract hierarchical trees
generated by the first zone and the linearization system
in the frontal lobe—where damage leads to a sort of syn-
tactic conduction aphasia (Hickok, 2025). Although we do
not have comprehensive sentence comprehension assess-
ments from the participants we report here, data from
recent work in sentence comprehension in aphasia points
to lesion correlates nearby our STS site (Biondo, Ivanova,
Pracar, Baldo, &Dronkers, 2024). Wewould therefore pre-
dict that individuals who present with high numbers of
hierarchical errors and comprehension deficits should
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show lesion correlates in the posterior temporal lobe. By
contrast, we would predict that individuals who present
with high numbers of hierarchical errors but not compre-
hension deficits should show lesion correlates in the infe-
rior parietal lobe.
In a similar way, it is possible that agrammatic output

might arise from different underlying causes. Recent
meta-analytic (Yeaton, 2025) and intracranial (Morgan
et al., 2025a, 2025b) evidence reveals distinct areas in
the frontal lobe associated with speech planning: one
involving the posterior MFG, including parts of Area 55b,
and another in the inferior frontal lobe, in the territory of
the canonical Broca’s area (Hickok, Venezia, & Teghipco,
2023). These regions are posited to have distinct roles in
the sentence production pipeline: The more dorsal area
supports phrasal prosody, which likely serves as a planning
frame for morphosyntactic sequencing, whereas the ven-
tral area supports speech sequencing (Hickok et al., 2023).
Whereas it seems that damage to themore dorsal areamay
cause agrammatic output due to a breakdown in the com-
putations supporting linearization, damage to the more
ventral area seems to be more implicated in phonological
errors, fluency disruptions (Supplemental Figure S1C),
and apraxia of speech (Kurteff, Walker, Fridriksson, &
Hickok, 2025). In addition, each of the frontal lesion sites
implicated in linearization errors were associated with dis-
tinct tractographies, suggesting distinct functional roles
and contributions to the overall syndrome of expressive
agrammatism.
Somewhat surprisingly, we find that the clusters based

on pure linearization errors are larger than those found
from linearization + mixed errors (10,760 mm3 vs.
4,272 mm3, respectively); however, the inverse is true
for hierarchical errors: Clusters for hierarchical + mixed
errors are larger than for pure hierarchical errors
(11,736 mm3 vs. 2,496 mm3, respectively). Intuitively, this
suggests that mixed errors might be better characterized
as a type of hierarchical error, rather than both a hierarchi-
cal and a linearization error occurring in the same sen-
tence; however, more data are needed to investigate this.
We further note that the clusters associated with all hierar-
chical errors are somewhat distributed across the posterior
language network. This may be attributable to hierarchical
processing being a more complex computational process
that requires multiple subcomputations to be executed
effectively. Given that “hierarchical processing” encom-
passes multiple computational stages of the sentence pro-
duction pipeline (e.g., lexical selection, role assignment,
phrase construction), we speculate that a finer-grained ver-
sion of this system might capture errors at more precise
levels of processing that could then bemore precisely local-
ized to one of the clusters we find here.

A Localized but Distributed Syntactic Network

Our results further provide some explanation for findings of
a distributed syntactic system (Hu et al., 2023; Fedorenko,

Blank, Siegelman, & Mineroff, 2020; Siegelman, Blank,
Mineroff, & Fedorenko, 2019) or disparate patterns of brain
damage underlying syntactic deficits (e.g., Caplan et al.,
2007; Dick et al., 2001; Caplan, Hildebrandt, & Makris,
1996). Despite the relatively small size of the cluster
related to pure hierarchical processing in the MTG/STS,
our tractography results show that this region is widely
connected across the language network, primarily within
temporal–parietal regions, but also including fibers con-
necting to the MFG region associated with linearization
error rates. This connection lends credence to the two-
stage model of grammatical encoding: Hierarchical trees
are generated first in the posterior temporal lobe and then
converted to linear strings in the posterior inferior-middle
frontal lobe.

Interestingly, the IFG Orb region associated with pure
linearization errors is more connected with semantic pro-
cessing regions in the anterior temporal lobe and inferior
angular gyrus/TPJ (via the uncinate and inferior frontal-
occipital fasciculi). This organization makes sense if this
anterior–inferior frontal region supports motor coordina-
tion based on semantic information rather than syntax,
consistent with previous suggestions about this region’s
involvement in controlled semantic retrieval (Binder &
Desai, 2011; Lau, Phillips, & Poeppel, 2008). Proposals of
a distributed syntactic system, however, tend to approach
syntactic processing as a monolithic phenomenon.
Although indeed our results point to syntactic processing
being distributed in different parts of the language net-
work, they also strongly suggest spatially differentiated
functions of some kind. This is consistent with recent the-
oretical models regarding the cortical localization of syn-
tactic processing, which posit a distribution of labor
between posterior temporal sites that support hierarchical
computation and frontal sites that support linearization
and other aspects of lexical processing and cognitive con-
trol (Murphy, 2024; Matchin & Hickok, 2020; see Yeaton,
2025, for a review). These results are inconsistent with the
predictions of an undifferentiated network-based approach
(Fedorenko et al., 2020). Under such an account, syntax is
epiphenomenal to semantic and lexical computations that
are localized but distributed across the language network.
This would predict that damage to any of the various
semantic or lexical nodes that comprise the distributed
network supporting syntactic computations should pro-
duce a single pattern of syntactic errors (as opposed to
errors due to other processing deficits). This is not borne
out in our data: Not only dowe observe distinct patterns of
errors, but we also observe distinct neural correlates. To
account for the findings we present here, a network-based
approach to syntax would need to integrate subnet-
works or network states that support different aspects of
(morpho-)syntactic computation.

On the other hand, it remains possible that agrammatic
output in some talkers might be a resource-rational adap-
tation to high costs of production: An individual for whom
speaking is very costly (e.g., due to severe anomia or other
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cognitive or memory/planning limitations) might strategi-
cally elect to produce utterances that resemble lineariza-
tion errors due to strategic omission of function words
with limited conceptual content, thus allocating more
resources to semantically rich content words, while still
maintaining canonical word order (Fedorenko, Ryskin, &
Gibson, 2023; Rezaii, Mahowald, Ryskin, Dickerson, &
Gibson, 2022; Kolk & Heeschen, 1992). That said, a
detailed account of how impairments in nonlinguistic
processing mechanisms produce the specific error types
identified here is currently lacking. Moreover, it is hard
to capture the error types we observe from paragrammatic
patients under a resource rational approach, as they are
not shorter, more efficient, or semantically richer.

Nonimplication of Broca’s Area in
Syntactic Deficits

Conspicuously absent from our suite of our analyses are
findings pointing to canonical Broca’s area (i.e., IFG pars
opercularis and pars triangularis) playing a key role in hier-
archical or linear syntactic processing in production. This
converges with previous evidence that damage restricted
to this region alone does not cause Broca’s aphasia (Pracar,
Biondo, Dronkers, & Ivanova, 2025; Andrews et al., 2023;
Fridriksson, Fillmore, Guo, & Rorden, 2015; Mohr et al.,
1978) and recent lesion-symptom mapping analyses that
failed to identify any significant lesion correlates for a
large suite of aphasia assessment measures for this region
(Herron et al., 2024). This suggests that, contrary to his-
torical proposals, this region may not be implicated in
chronic agrammatic speech deficits (Hickok et al., 2023).
On the other hand, some possible explanations for the his-
torical association of agrammatic deficits with Broca’s area
arise from our findings. Themost simplistic of these is that
Broca’s area is sandwiched between the MFG and IFGOrb
regions we found to be associated with linearization defi-
cits and therefore lumped in with previous findings in this
vicinity. Another possibility is that this Broca’s area sup-
ports fluency that is often confounded with agrammatic
output. Indeed, we find that the WAB-R Fluency scores
from our sample are associated with damage to the poste-
rior portion of the IFG and inferior premotor area
(Supplemental Figure 1C). Our fluency lesion finding also
overlaps with regions shown to cause apraxia of speech
(Kurteff et al., 2025; Lorca-Puls et al., 2024), which may
contribute to the nonfluency that is typically comorbid
with agrammatic deficits.

Notably, Broca’s area is not a cytoarchitectonically uni-
fied region but instead consists of multiple side-by-side
subregions that support different domain-general and lin-
guistic functions (Fedorenko & Blank, 2020; Fedorenko,
Duncan, & Kanwisher, 2012) including syntactic (Amici
et al., 2007; Fiebach, Schlesewsky, Lohmann, Von Cramon,
& Friederici, 2005) and nonsyntactic working memory
(Rogalsky & Hickok, 2011; Rogalsky, 2008); however,
others have proposed that subregions support different

syntactic functions (Zaccarella, Papitto, & Friederici,
2021). These proposals—especially those positing a role
for Broca’s area in (syntactic) working memory—are par-
simonious with our findings. Given the context of the elic-
itation method used in our study, participants might adapt
a metacognitive strategy not to attempt highly complex
embedded structures, which would unnecessarily tax
working memory and cognitive control resources and
increase the risk of error commission. We acknowledge that
the frameworkweuse here does not take syntactic complex-
ity into account (Peristeri, Nerantzini, Drakoulaki, Boznou,
& Varlokosta, 2024; Rezaii et al., 2022; Gleichgerrcht et al.,
2021) and might therefore be blind to Broca’s area’s role in
supporting the production of more syntactically complex
sentences. Assuming participants have adopted this
resource-rational approach could then explain the lack of
Broca’s area findings (i.e., syntactic working memory is
not implicated), while not ruling out that linearization defi-
cits remain (Fedorenko et al., 2023).

Limitations and Open Questions

A significant limitation of this approach is that error types
must be inferred from the annotator’s best guess at what
the intended target sentence was, as the ground truth is
not available. As withMatchin and colleagues (2020), inter-
rater reliability was lower on samples associated with
paragrammatism/hierarchical processing deficits. Theo-
retically, by nature of occurring earlier in the production
process, such deficits would havemore chances to variably
affect the surface form of the utterance, potentially result-
ing in a wider variety of surface-level errors. We acknowl-
edge a potential circularity in using lesion correlates to
partially validate our coding methodology: The presence
of meaningful lesion correlates does not per se guarantee
that the codes capture the intended theoretical con-
structs. Importantly, however, the lesion findings con-
verge with prior results obtained using an entirely
independent methodology (impressionistic clinical rat-
ings; Matchin et al., 2020) and are supported by recent
computational modeling and lesion-parameter mapping
evidence (Yeaton et al., 2026), lending some weight to
the interpretation that the codes capture a genuine distinc-
tion. We view the moderate interrater agreement—particu-
larly for hierarchical errors—as both a limitation and an
indication that greater theoretical consensus around the
definition of paragrammatism is needed before the coding
scheme can be considered fully objective. Future work
should prioritize the development of a formalized, opera-
tionally specified coding protocol with documented deci-
sion rules and evaluate whether such a protocol yields
higher reliability.
The categories we present here offer a practical, if

coarse-grained, operationalization of psycholinguistic the-
ory that advances the field by promoting utterance-level,
error-based characterization of syntactic deficits over
broader syndrome-based classification. Extending this
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framework cross-linguistically will require integration of
typologically diverse language data to develop a unified
coding approach applicable across languages. Future
improvements and refinements may allow for greater ease
in identifying deficit types from short discourse samples;
however, the existing debate regarding the distinction
between agrammatic and paragrammatic errors will need
further resolution before wider translational applications
can be implemented.
Beyond limitations of the coding scheme, the theoreti-

cal framework itself carries important caveats. There are
many computations and cognitive operations that go into
generating a well-formed sentence besides simply gener-
ating a syntactic tree and subsequently linearizing it. It is
possible that other cognitive or linguistic constraints
(e.g., error monitoring, cognitive control) might in some
cases give rise to ungrammatical output despite intact syn-
tactic processing, as is observed in sentence production
errors among neurologically healthy adults (Butterworth
& Howard, 1987). To the extent that executive and moni-
toring processes interact with the syntactic system, their
disruption might be expected to produce error patterns
that partly mimic either hierarchical or linearization defi-
cits depending on which stage of the production pipeline
they affect. For instance, failures in errormonitoringmight
allowmalformed hierarchical structures to pass through to
output without correction, superficially resembling para-
grammatic errors; impaired cognitive control or working
memory might result in abandoned or truncated syntactic
frames, resembling agrammatic output. The extent to
which error monitoring itself relies on linguistic mecha-
nisms of production, comprehension, or other cognitive
systems is also somewhat unclear (Nozari & Novick,
2017; Nozari, Dell, & Schwartz, 2011; Levelt, 1989). Disen-
tangling these interactions will require paradigms that
orthogonally manipulate syntactic and executive
demands, and ideally incorporate measures of error self-
correction and repair behavior. As a clearer theoretical
and computational picture emerges of the relationship
between executive, working memory, and error monitor-
ing processes and the syntactic system (Hagoort, 2016;
Peristeri et al., 2024), future investigations may consider
integrating additionalmetrics to address these paralinguis-
tic influences and their interactions with syntactic
processing.

Conclusions

This study provides promising evidence for the dissocia-
tion of hierarchical and linearization errors in aphasia, link-
ing distinct patterns of syntactic errors to specific brain
regions. The neural correlates of these errors support
the two-stage model of syntactic encoding, with posterior
temporal–parietal lesions associated with hierarchical
errors and frontal lesions with linearization deficits. These
findings contribute to a more nuanced understanding of
the neurobiological underpinnings of syntactic processing

in aphasia, offering valuable insights for clinical assess-
ment and intervention. By distinguishing between the
neural bases of different error types, this work paves the
way for more targeted treatments that address the specific
cognitive and neural mechanisms involved in sentence
production deficits. Future research should aim to further
explore the relationship between lesion location, error
type, and treatment outcomes, and expand these findings
to other forms of aphasia and neurodegenerative
conditions.
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Diversity in Citation Practices

Retrospective analysis of the citations in every article pub-
lished in this journal from 2010 to 2021 reveals a persistent
pattern of gender imbalance: Although the proportions of
authorship teams (categorized by estimated gender iden-
tification of first author/last author) publishing in the Jour-
nal of Cognitive Neuroscience (JoCN) during this period
were M(an)/M = .407, W(oman)/M = .32, M/W = .115,
and W/W = .159, the comparable proportions for the arti-
cles that these authorship teams cited were M/M = .549,
W/M = .257, M/W = .109, and W/W = .085 (Postle and
Fulvio, JoCN, 34:1, pp. 1–3). Consequently, JoCN encour-
ages all authors to consider gender balance explicitly when
selecting which articles to cite and gives them the oppor-
tunity to report their article’s gender citation balance. The
authors of this paper report its proportions of citations by
gender category to be: M/M = .593; W/M = .074; M/W =
.148; W/W = .185.

Notes

1. Quotes are drawn from our own database. Transcription
annotations and filled pauses have been removed for clarity.
2. Some participants—especially those who were severely
nonfluent—did not produce many utterances; however, we
found that the 10-utterance minimum permitted sufficient
insight into the distribution of errors.
3. See “Scanner protocol” in supplemental materials for scan
parameters.
4. See supplemental section “Tractography atlas construction”
for additional information.
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