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Abstract

Broca’s area is frequently implicated in sentence comprehension but its specific role is debated.
Most lesion studies have investigated deficits at the chronic stage. We aimed (1) to use acute
imaging to predict which left hemisphere stroke patients will recover sentence comprehension;
and (2) to better understand the role of Broca’s area in sentence comprehension by investigating
acute deficits prior to functional reorganization. We assessed comprehension of canonical and
noncanonical sentences in 15 patients with left hemisphere stroke at acute and chronic stages.
LASSO regression was used to conduct lesion symptom mapping analyses. Patients with more
severe word-level comprehension deficits and a greater proportion of damage to supramarginal
gyrus and superior longitudinal fasciculus were likely to experience acute deficits prior to
functional reorganization. Broca’s area was only implicated in chronic deficits. We propose that

"Corresponding author: Shannon M. Sheppard, ssheppard@chapman.edu, 714-516-4516.

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sheppard et al.

Page 2

when temporoparietal regions are damaged, intact Broca’s area can support syntactic processing
after functional reorganization occurs.
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1.0 Introduction

Left-hemisphere damage following stroke often results in sentence comprehension
impairments. Damage to Broca’s area, the posterior portions of the inferior frontal gyrus
(IFG) including both pars triangularis (IFGtri) (Brodmann Area 45) and pars opercularis
(IFGop) (Brodmann Area 44), has frequently been implicated in sentence processing
deficits. For example, Caramazza & Zurif (1976) found that participants with Broca’s
aphasia had little difficulty comprehending sentences in canonical word order, but had
significant difficulty comprehending semantically reversible sentences in noncanonical word
order (e.g., The cat that the dog is biting is black). This asyntactic pattern of comprehension
led researchers to conclude Broca’s area is likely involved in syntactic processing. Since
this early research, many studies have investigated the role of Broca’s area in syntactic
processing. Note that throughout this paper we are using the terms “sentence processing”
and “syntactic processing” to refer to comprehension processes (Ferreira & Cokal, 2015).
However, there is a debate regarding the specific role of Broca’s area. For example,
Grodzinsky contends that it is primarily involved in syntactic movement (Grodzinsky &
Santi, 2008; Godzinsky, 1986, 2000). According to some linguistic theories, syntactic
movement refers to operations where sentences like passives (e.g., “The doctor with

blonde hair is questioned by the soldier.”) are formed from movement of constituents

in a syntactically simpler sentence (e.g., “The soldier questions the doctor with blonde
hair.””) (Chomsky et al., 2017). Grodzinsky and colleagues hypothesize that Broca’s area

is essential for processing noncanonical sentences like passives and object-relatives which
involve syntactic movement. Other hypotheses propose that Broca’s area is essential for
building syntactic hierarchies (Friederici, 2009, 2018), syntactic working memory processes
(Fiebach et al., 2005; Matchin, 2018), cognitive control (Novick et al., 2005, 2010), or
articulatory rehearsal (Caplan et al., 2000; Rogalsky et al., 2008). However, there is growing
evidence that Broca’s area may not be critical for noncanonical sentence comprehension as
was previously thought. Subsequent studies by Caramazza and colleagues contradicted their
original conclusions regarding damage to Broca’s area causing asyntactic comprehension,
and instead concluded that Broca’s aphasia is actually associated with several different
comprehension patterns (Caramazza et al., 2001, 2005; Caramazza & Hillis, 1989).

Several models of the brain basis of syntactic comprehension exist. For example, Friederici
(Friederici, 2011, 2012) proposed that complex syntactic processing engages posterior

STG and Brodmann Area 44 (BA44) - pars opercularis of left IFG - connected via a

dorsal pathway including superior longitudinal fasciculus and arcuate fasciculus. According
to this model, syntactically complex sentences with syntactic movement first undergo
phrase structure building processes in left IFG followed by thematic role analysis (i.e.,
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understanding who is doing what to whom in the sentence) in left temporoparietal regions.
More recently, Matchin and Hickok (2020) proposed a syntactic model where sentence
comprehension is primarily subserved by posterior temporal regions. Specifically, auditory
phonological representations in posterior STG (pSTG) are decoded in posterior MTG
(pPMTG). PMTG is linked to two essential hubs: an entity knowledge hub (e.g., object
categories) in anterior temporal lobe, and an event knowledge hub in angular gyrus (AG)
(knowledge of thematic relations between entities). According to this model, Broca’s area
is essential for production but not for syntactic comprehension. Matchin and Hickok (2020)
argue that Broca’s area is sometimes co-opted for comprehension when syntactic working
memory and syntactic prediction processes are required. Syntactic working memory refers to
working memory resources that may be specialized for sentence processing (Fiebach et al.,
2005; Matchin, 2018; Rogalsky & Hickok, 2011). Syntactic prediction refers to facilitating
structural top-down predictions of syntactic information that is likely to be encountered
(e.g., phrasal nodes, tense) as a sentence is unfolding during online sentence processing
(Friederici, 2012; Lau et al., 2006; Matchin et al., 2017; Rimmele et al., 2018; Sheppard
etal., 2017, 2018). Matchin and Hickok (2020) maintain that activation of Broca’s area

in functional neuroimaging studies of sentence comprehension is driven specifically by
syntactic working memory and prediction, and is not the hub of all subprocesses related to
syntactic processing.

Functional imaging studies in neurologically unimpaired populations indicate Broca’s area
is part of a network of regions involved in sentence processing which includes frontal

areas such as left IFG, middle frontal gyrus (MFG), insula, and posterior regions such

as the middle temporal gyrus (MTG) and superior temporal gyrus (STG) (Europa et al.,
2019; Mack et al., 2013; Meyer et al., 2002; Uddén et al., 2019; Walenski et al., 2019).
Europa and colleagues (2019) investigated this model by examining regions activated by
noncanonical sentences using a connectivity analysis in a group of neurotypicals. Two
types of noncanonical sentences were investigated, those with wh-movement and those with
NP-movement. Sentences with wh-movement, like object clefts, (e.g., It was the boy who
the woman lectured), are more syntactically complex than sentences with NP-movement like
passive sentences (e.g., The boy was lectured by the woman.). Both types of noncanonical
sentences resulted in left IFG activation, along with posterior STG and left medial SFG
activation. Similar networks were engaged by both types of movement, but more complex
wh-movement elicited greater activity within the network.

Also, several lesion-symptom mapping studies have found that damage to regions besides
Broca’s area are implicated in sentence comprehension impairments, particularly to
temporoparietal regions (Dronkers et al., 2004; Fridriksson et al., 2018; Kristinsson et

al., 2020; Magnusdottir et al., 2013; Rogalsky et al., 2018; Thothathiri et al., 2011).

For example, in a large group of chronic stroke patients, Fridriksson (2018) found that
damage to temporal regions including superior temporal gyrus (STG), temporal pole, as
well as damage to IFG pars triangularis (IFGtri) predicted asyntactic comprehension patterns
(more difficulty understanding noncanonical vs. canonical sentences) in a large group of
chronic stroke patients. Rogalsky et al. (2018) also conducted a lesion-symptom mapping
study where chronic stroke patients completed a sentence-picture matching task and a
plausibility judgment task. Sentence comprehension patterns were equivalent between a
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group of patients with Broca’s area damage and a group of patients with damage to anterior
temporal lobe. Neither group displayed asyntactic comprehension patterns. Furthermore,
their analyses indicated that posterior temporal and inferior parietal regions were implicated
in noncanonical sentence comprehension, but not Broca’s area. Broca’s area was not
implicated in the sentence-picture matching task, but it was implicated in the plausibility
judgment task. The authors interpreted this finding to mean that Broca’s area is used

for task-related cognitive demands. Additional evidence for the role of temporoparietal
regions in syntactic processing comes from investigating lesion patterns in individuals with
chronic agrammatic aphasia, who have better comprehension of canonical than noncanonical
sentences. Evidence suggests that for many individuals with agrammatic aphasia, their
lesions are not constrained to Broca’s area and instead often encompass temporoparietal
regions as well (Fridriksson et al., 2015; Mohr et al., 1978).

It is important to consider the timing of testing following stroke. As patients recover,
functional reorganization occurs in the months following a stroke, which can result in
perilesional as well as contralesional homologue areas subsuming functions from infarcted
regions (Hartwigsen & Saur, 2019; Jarso et al., 2013; Ochfeld et al., 2010; Saur et al., 2006).
For example, Saur et al. (2006) examined auditory sentence comprehension using functional
neuroimaging in a group of left hemisphere stroke patients at acute (0—4 days post-stroke),
subacute (~ 2 weeks post-stroke), and chronic (~ 4-12 months post-stroke). Distinct patterns
of activation were discovered at each time point. Acutely, very little activation was observed
in left hemisphere perilesional areas. While at the subacute stage a large amount of bilateral
activation was found with the greatest activity in right IFG. Peak activation shifted back

to the left hemisphere language areas at the chronic stage, which was associated with

the greatest recovery of language skills. These results demonstrate how important it is to
consider the time point at which language is tested in patients following a stroke.

Most sentence comprehension studies comparing canonical to noncanonical processing only
include patients at the chronic stage of stroke. However, Magnusdottir and colleagues (2013)
investigated a group of Icelandic patients at the acute stage, which they defined as within

20 days of stroke (note this would be considered the subacute stage in some research
studies). The patients completed a sentence-picture matching task with both canonical

and noncanonical sentences. Asyntactic comprehension (canonical > noncanonical) was
associated with damage to middle and superior temporal gyrus, and temporal pole. Impaired
noncanonical comprehension was associated with damage to Broca’s area and temporal
regions. Newhart et al. (2012) also examined sentence comprehension at the acute stage.
Specifically, they examined the comprehension of four types of sentence constructions in

53 patients at the acute stage, which was defined as within 48 hours of stroke. Patients
completed a sentence-picture matching task as well as an enactment task where patients
acted out each sentence using laminated paper figures and objects mentioned in the
sentence. They found that asyntactic comprehension patterns were associated with damage
to angular gyrus and not Broca’s area. However, damage to IFGtri was linked to difficulty
comprehending passive sentences but not object-cleft sentences, which are both types of
noncanonical sentences.
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In a recent study by the same group as Magnusdottir et al. (2013), Kristinsson and
colleagues (2020) investigated asyntactic comprehension patterns in a large group of
individuals with acute aphasia who were also tested within 20 days of stroke. Similar to
the results from Magnusdottir et al. (2013) and Rogalsky et al. (2018), damage to posterior
temporal and temporoparietal regions was implicated in difficulty processing noncanonical
sentences. Damage to Broca’s area was not strongly associated with impaired syntactic
processing. The authors concluded that temporoparietal regions are essential for syntactic
processing, while Broca’s area subserves complementary processes that aid sentence
processing. Overall, the results of several lesion-symptom mapping studies in patients at
both acute and chronic stages suggest that temporoparietal regions may play a greater role in
the processing of complex syntax than Broca’s area.

Investigating patients at the acute stage is advantageous because it allows researchers
to understand how damage to specific regions impacts sentence comprehension before
any processes have reorganized and other brain regions have taken over some of the
responsibilities of regions that were lost to stroke.

1.1 Current Study

In the current study, we aimed to better understand the longitudinal recovery of sentence
comprehension following stroke. We conducted a longitudinal investigation of sentence
comprehension recovery following stroke by assessing sentence comprehension at acute
(within six days of stroke) and chronic (at least 6 months post-stroke) time points. Lesion
symptom mapping was performed at both stages using lesions delineated on acute diffusion
weighted imaging. This design serves two functions. First, it allows us to better make
predictions at the acute time point about which patients will recover sentence comprehension
skills, and which patients are likely to have a long-term deficit. Second, it allows us to

better understand the role of Broca’s area by studying comprehension at the acute stage prior
to any functional reorganization processes and then again at the chronic stage in the same
patients after functional reorganization has potentially occurred.

2.0 Methods

2.1 Participants

2.1.1 Participants with Left Hemisphere Stroke—Fifteen patients (6 women, 9
men) at Johns Hopkins Hospital with ischemic left hemisphere stroke were enrolled in

this study (Table 1). Participants did not have to be diagnosed with post-stroke aphasia to
be included in the study. They had a mean age of 56.0 (SD = 15.9) years and a mean
education level of 14.3 (SD = 2.8) years. Twelve participants were right-handed and three
were left-handed. All participants were native speakers of English. Each participant had a
unilateral left hemisphere infarct visualized on diffusion-weighted imaging (DW1), with no
history of previous symptomatic stroke or other neurological disease affecting the brain.
All of the patients provided informed consent or indicated a decision-maker to provide
informed consent, and were able to complete testing within six days of stroke onset.
Additionally, every patient had normal or corrected-to-normal hearing and vision. This study
was approved by the Johns Hopkins Institutional Review Board.
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Language functioning was assessed at acute (within six days of stroke) and chronic (= 6
months post-stroke) time points using a battery of language tests. Participants were an of
average 2.5 days (SD = 1.8) post-stroke onset at the acute time point and an average of 21.4
months (SD = 22.3) post-stroke onset at the chronic time point. Testing was completed based
on participant tolerance and included the following: the Subject-relative, Object-relative,
Active, and Passive Test of Comprehension (SOAP) (Love & Oster, 2002), a modified
version of the Boston Naming Test (BNT) (Kaplan et al., 2001) using 30 items to assess
object naming; the Hopkins Assessment of Naming Actions (Breining et al., 2021)to assess
action naming; the short form of the Pyramids and Palm Trees Test (Breining et al., 2015)
to assess semantic memory for objects; and the short form of the Kissing and Dancing Test
(Bak & Hodges, 2003) to assess semantic memory for actions. Percent accuracy on each

of these tests is described in Table 1. Single word comprehension deficits are indicated on
the SOAP (Love & Oster, 2002) when participants choose the unrelated foil picture with
more frequency (see section 2.2 for more details on the SOAP). Thus, to assess single word
comprehension the proportion of responses where the participant chose the unrelated foil
out of the total number of items on the SOAP was calculated. This information is indicated
in Table 1. A higher proportion of unrelated responses indicates a more severe single word
comprehension deficit.

2.1.2 Healthy Age-matched Control Participants—A group of fourteen healthy
age-matched controls with no history of stroke or other neurological disease were also
enrolled. They had a mean age of 59.0 (SD = 12.9) years and a mean education level of 16.4
(SD = 2.85) years. Age matching was established statistically with a two-tailed independent
samples ttest (£(27) = 0.54, p=0.59).

2.2 Sentence Comprehension Test

Participants were given the SOAP test (Love & Oster, 2002) to assess their auditory
sentence comprehension skills. This is a sentence-picture matching task testing the auditory
comprehension of four types of sentences: active, passive, subject-relative, and object
relative (Table 2). The test consists of 40 sentences (10 of each sentence type). The
experimenter shows the participant a page with three color pictures, identifies the name

of the characters in each picture (e.g., “This is the doctor, and this is the soldier”), and
reads the relevant sentence aloud twice at a normal rate of speech. The participant is

then asked to select the picture that matches the sentence they heard. The three choices
consist of a target picture (correct), a thematic role reversal foil, and an unrelated foil.

For example, for the sentence “The young doctor with blonde hair questions the soldier”
the target picture depicts a doctor questioning a soldier, the thematic reversal foil depicts

a soldier questioning a doctor, and the unrelated foil shows a man leading a little boy.
Patients were tested at two time points. First, they were tested at the acute stage within six
days of stroke onset and next they were tested at the chronic stage of recovery (at least 6
months post-stroke). Participants in the healthy control group were tested once. The percent
accuracy for canonical sentences (active and subject-relative) and noncanonical sentences
(passive and object-relative) was calculated for each participant at every testing time

point. Asyntactic comprehension patterns (higher accuracy on canonical vs. noncanonical)
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were also calculated (noncanonical — canonical comprehension accuracy) to specifically
investigate and isolate syntactic deficits.

2.3 Imaging

All patients were evaluated with MRl DWI, fluid attenuated inversion recovery (FLAIR)
to rule out old lesions, susceptibility weighted imaging (SWI) to rule out hemorrhage, and
T2-weighted imaging to check for any additional structural lesions. Scans were acquired
clinically within 24 hours of admission for stroke on a 3.0T Siemens Trio scanner. The
majority of MRIs were completed the same day as the stroke with an average of 0.27
days (SD = 0.70) between stroke onset and the MRI scan. Language testing was conducted
within six days of stroke onset. Technicians blinded to the language evaluation results
identified the presence or absence of ischemia on DWI images. Technicians blinded to the
language evaluation results who were extensively trained and supervised by a neurologist
manually traced stroke lesions slice-by-slice on the DWI trace images using MRIcron
software (Rorden et al., 2007).

All images were subsequently normalized to standard space using SPM12 (Statistical
Parametric Mapping; www.fil.ion.ucl.ac.uk/spm/software/spm12/). The normalization
transforms were computed for the DWI b0 image to a template that was based on a group
of age-matched controls (Rorden et al., 2012), and then these normalization parameters
were applied to the lesion maps. Proportion of infarcted tissue was calculated for each
participant in every anatomical parcel of the Johns Hopkins University (JHU) atlas (Faria et
al., 2012; Mori et al., 2008). A lesion overlap map was created from individual participant
lesion maps using the normalized DWI trace images and the corresponding lesion tracings
(see lesion overlap map Figure 1). The percent damage to regions of interest (ROISs) that
have been implicated in sentence comprehension in previous studies (Dronkers et al., 2004;
Fridriksson et al., 2018; Magnusdottir et al., 2013; Newhart et al., 2012; Rogalsky et al.,
2018; Thothathiri et al., 2011) was calculated. These regions included Broca’s area (IFGtri
+ IFGop), STG, MTG, pSTG, temporal pole, angular gyrus, supramarginal gyrus, superior
longitudinal fasciculus (SLF), and inferior fronto-occipital fasciculus (IFOF). Analyses were
conducted on ROIs where at least three participants had damage, which resulted in seven
ROIs that were included in analyses: Broca’s area, STG, MTG, pSTG, angular gyrus,
supramarginal gyrus, and SLF.

2.4 Data Analysis

Mean accuracy on canonical and non-canonical sentences on the SOAP was computed for
the group of healthy controls. Impaired performance for the patient group was defined

as accuracy greater than two standard deviations below the mean of the healthy control
group, with separate calculations for canonical and noncanonical sentences. For analyses

in the patient group, Least Absolute Shrinkage and Selection Operator (LASSO) regression
(Tibshirani, 1996) was used to evaluate whether damage to specific ROls were related to
sentence comprehension at acute and chronic time points. This method is useful when there
are a large number of predictors and a small sample size (Meinshausen & Yu, 2009). It

is also useful for situations where there is high multicollinearity, which was the case in

this study because participants with damage in one brain region are very likely to have
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damage to neighboring brain regions. LASSO regression creates simple sparse models

with few coefficients that have maximal prediction capacity by performing regularization
that shrinks coefficients toward zero. The glmnet package (https://cran.r-project.org/web/
packages/glmnet/index.html) (Friedman et al., 2010) using R software (R Core Team, 2020)
was used to conduct leave-one-out cross validation LASSO using standardized features
selecting the A value that resulted in the minimum mean cross validation error. The
selective Inference package in R (https://cran.rproject.org/web/packages/selectivelnference/
selectivelnference.pdf) (Tibshirani et al., 2017) was used to conduct inference testing and
calculate p-values associated with regions selected by the LASSO.

Accuracy was calculated separately for canonical and noncanonical sentences at acute and
chronic time points. Analyses were conducted with sentence comprehension accuracy as
the dependent variable. Asyntactic comprehension patterns were also investigated at each
time point by subtracting the mean accuracy of canonical from noncanonical sentences.
Recall that the SOAP test has three pictures to choose from: the target, a thematic reversal,
and an unrelated picture that contains different referents from those mentioned in the
target sentence. Participants with single-word comprehension difficulty are expected to
have a high percentage of unrelated errors, whereas participants with intact single-word
comprehension but impaired syntactic comprehension commonly make thematic reversal
errors. In order to control for single-word comprehension deficits, the total number of
unrelated errors made by each participant was calculated for canonical and noncanonical
sentences. Predictors included age, overall lesion volume, number of unrelated errors on the
SOAP out of the 40 total sentences (to control for word-level comprehension deficits), time
since stroke onset, and percent damage to seven ROIs that previous studies have implicated
in sentence comprehension (Broca’s area (IFGtri + IFGop), STG, MTG, pSTG, angular
gyrus, supramarginal gyrus, and SLF).

3.0 Results

3.1 Behavioral Results

3.1.1 Healthy Controls—The controls attained a mean accuracy of 98.0% (SD =
1.88%) on overall sentence comprehension, 100.0% (SD = 0%) on canonical sentence
comprehension, and 96.1% (SD = 3.76%) on noncanonical sentence comprehension on the
SOAP. Impaired sentence comprehension in the patient group was defined as performance
more than two standard deviations below the accuracy of the control group. Based on this
definition, accuracy below 100% was considered to be impaired on canonical sentences, and
accuracy below 88.6% was considered to be impaired on noncanonical sentences.

3.1.2 Individuals with Left-hemisphere Stroke—The behavioral results for
individual participants are summarized in Table 3. At the acute time point the mean accuracy
(SD) was 77.0% (25.7%) for overall sentence comprehension, 80.3% (27.9%) for canonical
sentence comprehension, and 73.7% (23.9%) for noncanonical sentence comprehension.

Of the 15 patients, eight patients exhibited impaired canonical sentence comprehension,

and nine exhibited impaired noncanonical sentence comprehension at the acute time point.
At the chronic time point, mean accuracy was 81.2% on overall sentence comprehension,
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88.7% (18.8%) for canonical sentence comprehension, and 73.7% (26.0%) for noncanonical
sentence comprehension. At the chronic time point, eight patients demonstrated impaired
canonical sentence comprehension, and ten demonstrated impaired noncanonical sentence
comprehension.

When comparing changes to performance from acute to chronic time points for canonical
sentences, five patients were never impaired on comprehension of canonical sentences.
When assessed chronically, two patients demonstrated a slight decline from 100% accuracy
acutely to 95% accuracy (an error in one sentence) chronically. Of the eight patients

who were classified as impaired at the acute time point on canonical sentences, two
improved from impaired to unimpaired, five improved but remained impaired relative to
healthy controls, and one experienced a significant decline of 30% accuracy. Examining
changes to performance for noncanonical sentence comprehension between the acute and
chronic time points revealed that three patients never displayed impaired noncanonical
sentence comprehension performance, two patients improved from impaired to unimpaired
performance, seven patients remained impaired, and three patients’ performance declined
from unimpaired to impaired (Figure 2B). Of the seven patients who remained impaired

on non-canonical sentences between acute and chronic time points, three patients improved
(range of 5% - 30% improvement), two declined (range of 5% - 20% decline), and two
patients’ performance remained the same. Of the 15 patients, three did not experience
impaired sentence comprehension on any sentence type at any time point.

3.1.2.1 Error Analysis in Individuals with Left-hemisphere Stroke: An error analysis
was conducted to investigate the types of errors (i.e., thematic reversal or unrelated errors)
made by patients. Thematic reversal errors were more common than unrelated errors for
both sentence types at both time points. Overall, for canonical sentences 64% of errors
were thematic reversals and 36% were unrelated at the acute time point; 89% were thematic
reversals and 11% were unrelated at the chronic time point. For errors on noncanonical
sentences, 77% were thematic reversals and 23% were unrelated at the acute time point;
96% were thematic reversals and 4% were unrelated at the chronic time point. The
proportion of errors by type are reported for each participant in Table 4.

3.2 Neuroimaging Results

We aimed to determine how percent damage to seven ROIs, single word comprehension
deficits (measured using total number of unrelated errors on the SOAP), time post-stroke
onset, age and overall lesion volume predicted performance on canonical and noncanonical
sentence comprehension at acute and chronic time points. We used LASSO regression to
determine which factors best predicted impaired performance in canonical sentences and
noncanonical sentences at the acute and chronic time points. Asyntactic comprehension
patterns were also investigated at both time points.

Results of the LASSO results are summarized in Table 5. At the acute time point, more

time since stroke onset, more severe word-level comprehension deficits and greater percent
damage to SMG were implicated in impaired canonical sentence comprehension. Word-level
comprehension deficits were the only independent significant predictor of performance on
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canonical sentences at the acute time point; more severe word-level comprehension deficits
predicted poorer canonical sentence comprehension. At the chronic time point the model

for canonical sentence comprehension contained greater proportion of damage to pSTG

and AG, but neither was an independent significant predictor. At the acute time point,

more time since stroke onset, more severe word-level comprehension deficits, and greater
damage to SMG and SLF predicted a more severe noncanonical comprehension impairment.
Word-level comprehension deficits and proportion of damage to SMG were both significant
independent predictors of noncanonical sentence comprehension at the acute time point.
The model of noncanonical sentence comprehension at the chronic time point contained
proportion of damage to Broca’s area and pSTG; proportion of damage to pSTG was the
only significant independent predictor. The LASSO regression of asyntactic comprehension
patterns (greater comprehension accuracy on canonical vs. noncanonical sentences) did not
converge and therefore revealed no variables at the acute time point, but Broca’s area was
implicated in more severe deficits at the chronic time point along with more time since
stroke onset and greater word-level comprehension deficits. Damage to Broca’s area was the
only significant independent predictor in the model of chronic asyntactic comprehension.

4.0 Discussion

In this longitudinal study, we examined sentence comprehension recovery in a group of

15 patients following left hemisphere stroke. We tested patients on simpler canonical and
more complex noncanonical sentence comprehension acutely, within six days of stroke, and
chronically, at least 6 months post-stroke. LASSO regression was used to create models

for prediction of comprehension impairment for canonical and noncanonical sentences

at each time point. Asyntactic comprehension patterns (canonical > noncanonical) were
also investigated at each time point. We aimed to gain a better understanding of sentence
comprehension recovery in left hemisphere stroke patients, and to examine the role of
Broca’s area by studying sentence comprehension at the acute stage of recovery before
functional reorganization processes have taken place.

For canonical sentences, the mean accuracy improved from 80.3% at the acute stage to
88.7% at the chronic stage of recovery in the patient group. Of the 15 patients, eight had
impaired canonical sentence comprehension at the acute stage, and eight had impaired
canonical comprehension at the chronic stage. Many patients experienced improvement
between acute and chronic stages, but still remained impaired relative to the group of age-
matched controls. One patient experienced significant decline from 95% accuracy acutely
to 65% accuracy chronically on canonical sentences. This patient’s significant decline is
discussed in more detail later in the discussion.

As expected, patients experienced more difficulty comprehending the more complex
noncanonical sentences. The mean accuracy for noncanonical sentence comprehension was
73.7% at both the acute and chronic stages. While the mean accuracy was identical at each
time point, only three patients achieved the same score at both time points (Figure 2; Table
3). At the acute stage, nine patients were classified as impaired, and at the chronic stage

ten patients were impaired. However, seven patients’ noncanonical comprehension improved
between acute and chronic time points even if they did not reach the level of unimpaired
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accuracy. Two patients improved from being classified as impaired to unimpaired and three
patients declined from unimpaired to impaired.

The results from the error analysis show that participants were more likely to make unrelated
errors on the SOAP at the acute time point, compared to the chronic time point. At the
chronic time point the vast majority of errors were thematic reversals. This indicates that
word-level comprehension did improve over time in most participants as they were much
less likely to select the picture with unrelated referents at the chronic time point. Some
participants’ overall accuracy declined, but the types of errors they made evolved from errors
rooted in a word-level comprehension deficits to errors resulting from a syntactic deficit. In
the five patients whose noncanonical comprehension declined over time (P1, P9, and P10
who declined from unimpaired to impaired performance; P3 and P4 whose performance

was impaired at both time points but had a more severe chronic deficit) two participants

(P1 and P4) had a higher proportion of unrelated errors at the acute vs. chronic time points
but also had more noncanonical errors overall (almost all thematic reversals) at the chronic
time point. Fewer chronic unrelated errors can be explained by resolution of word-level
comprehension deficits during recovery in these two participants. The larger number of
chronic thematic reversal errors may indicate these two participants adopted using an agent-
first strategy (Caplan & Futter, 1986; Grodzinsky, 2000) during stroke recovery. This is

a comprehension strategy where participants assume the first referent in a sentence is the
agent and therefore leads to thematic reversal errors in noncanonical sentences (e.g., “The
doctor was questioned by the soldier.”) where the theme (#he doctor) precedes the agent (the
soldier).

Recall that we had several aims in this study. Our first aim was to better understand

sentence comprehension recovery patterns in left hemisphere stroke patients by investigating
changes to structure-function relationships between the acute and chronic stages of recovery.
More time since stroke onset, more severe word-level comprehension deficits, and greater
damage to SMG predicted more severe deficits for both canonical and noncanonical
sentences at the acute stage. For noncanonical sentences, greater damage to SLF was an
additional predictor maintained in the model of impaired comprehension. Whereas chronic
noncanonical sentence comprehension impairment was predicted by greater damage to IFG
and pSTG, acute asyntactic sentence comprehension patterns (i.e., better comprehension

of canonical vs. noncanonical sentences) were not predicted by damage to any particular
region. However, chronic asyntactic sentence comprehension was predicted by greater
damage to IFG as well as time since stroke onset and word-level comprehension deficits. It
appears that patients with SMG and SLF damage are likely to recover noncanonical sentence
comprehension skills as long as pSTG and IFG are intact.

Our results align with Fridriksson et al. (2018), where damage to IFG and temporal regions
predicted more difficulty comprehending noncanonical sentences in chronic stroke patients.
Yet, our results differ from Rogalsky et al. (2018), who also investigated chronic stroke

and found that posterior temporal and inferior parietal damage was associated with chronic
noncanonical sentence comprehension deficits, while damage to Broca’s area was not. We
found the opposite pattern: for noncanonical sentence comprehension Broca’s area was
implicated at the chronic stage of recovery and inferior parietal regions were implicated at
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the acute but not the chronic stage. Rogalsky et al. (2018) argued that Broca’s area may be
erroneously linked to noncanonical sentence processing because many functional imaging
studies have used written rather than auditory stimuli. They propose that the role of Broca’s
area has been conflated because it is also important for articulatory rehearsal processes

that are used to a greater extent in written vs. auditory language processing (Baddeley et
al., 1975; Daneman & Newson, 1992). However, our study investigated auditory sentence
processing, and we found that Broca’s area damage at the chronic stage was associated
with both noncanonical and asyntactic comprehension. Intriguingly, our results also diverged
from the Magnusdottir et al. (2013) study, where damage to both Broca’s area and temporal
regions predicted impaired noncanonical comprehension in a group of (sub)acute stroke
patients who were tested within 20 days of stroke. Instead, the results from Magnusdottir
et al. (2013) align with our results at the chronic stage of recovery, where damage to both
pSTG and Broca’s area were implicated in more severe noncanonical deficits. It is possible
our results differed from Magnusdottir et al.’s results because we completed our testing
within six days of stroke. Perhaps reorganization processes (whereby Broca’s area supports
functioning for damaged temporoparietal regions) have already begun to take place in the
few weeks following stroke. Recall that in a longitudinal functional neuroimaging study
Saur et al. (2006) found different patterns of activation in the language network between
acute (1-4 days post-stroke) and subacute (2 weeks post-stroke) phases in a group of

left hemisphere stroke patients diagnosed with aphasia. Thus, it seems likely that structure-
function relationships had already begun to change in the Magnusdottir et al. (2013) study,
which could account for the discrepancy between their results and ours. In another study
completed within 48 hours of stroke, Newhart et al. (2012) found that temporoparietal
cortex, and not Broca’s area, was implicated in asyntactic comprehension patterns.

Based on our results, we propose that Broca’s area is essential for sentence comprehension
recovery when temporoparietal regions are damaged. It appears that temporoparietal
regions are more critical for sentence comprehension, including noncanonical sentence
comprehension, at the acute stage before undergoing functional reorganization processes,
even when controlling for word-level comprehension. Perhaps Broca’s area is able to
support syntactic processing when these critical temporoparietal regions are damaged.

This could explain why greater damage to SMG predicted acute noncanonical deficits,

but damage to both Broca’s area and pSTG predicted chronic noncanonical deficits.

Our results cannot speak to the specific role of Broca’s area in noncanonical sentence
processing, but it is clear that it is involved in supporting noncanonical sentence processing.
However, it should be noted that the majority of patients continued to experience

difficulty comprehending both canonical and noncanonical sentences at the chronic stage of
recovery. Comprehension deficits were more severe in noncanonical compared to canonical
sentences. However, given that controls demonstrated no deficits on canonical sentence
comprehension, comparatively the majority of patients remained impaired on canonical
sentence comprehension at the chronic stage of recovery. Consequently, while Broca’s area
may help support syntactic functioning, it is not able to fully compensate for temporoparietal
damage.

It should also be noted that the majority of patients experienced canonical and noncanonical
sentence comprehension deficits at both stages of recovery. Clinicians should be aware that
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both canonical and noncanonical sentence comprehension should be assessed acutely. Note
that we tested semantically reversible sentences in this study, which are sentences where
both the subject and direct object can perform the action in the sentence. For example, in
the sentence “The young doctor with blonde hair questions the soldier” both the doctor

and the soldier can question someone. Semantically reversible sentences are more difficult
for individuals with a syntactic deficit because they cannot use semantic information to
determine who is performing an action (Berndt et al., 1996). For this reason, clinicians
should be sure to assess syntactic comprehension using semantically reversible sentences.
Given that most patients were impaired chronically on canonical sentences, which are
encountered more frequently than noncanonical sentences in daily interactions, it is likely
that patients would experience many functional benefits from therapy targeting sentence
comprehension. Even if patients do not have deficits with simple sentences, it appears

that most patients would likely benefit from therapy targeting more syntactically complex
language comprehension. Therapy would also be beneficial, as some patients’ performance
declined from acute to chronic stages. Specifically, one patient (P9) experienced significant
decline on both sentence types between acute and chronic time points. Note that this
patient experienced significant decline despite beginning speech language therapy several
weeks following her stroke. This result is not surprising given that several studies have
indicated a subset of stroke patients will experience decline in language and cognitive skills
following a stroke, which may occur when a stroke triggers the onset of vascular dementia
(Brainin et al., 2015; Gottesman & Hillis, 2010; Ojala-Oksala et al., 2012). Furthermore, this
particular participant was diagnosed with post-stroke major depressive disorder, which is
associated with poorer outcomes following stroke (Baker et al., 2020; Brodaty et al., 2007)
and likely contributed to her decline. Additionally, follow-up imaging indicated a large area
of chronic hypoperfusion surrounding the lesioned area. This functionally lesioned tissue
likely accounts for much of the language decline this participant experienced between acute
and chronic stages, as chronic hypoperfusion can explain deficits that can’t be attributed

to structural lesions alone (Abbott et al., 2021; Love et al., 2002; Robson et al., 2017;
Thompson et al., 2017).

Research has demonstrated that speech language therapy between the acute and chronic
phases of recovery can be very effective for boosting language recovery following stroke

in many patients (Bakheit et al., 2007; Brady et al., 2016; Koyuncu et al., 2016). Speech
language therapy is also associated with changes to brain regions recruited for language
tasks for patients in both acute/subacute (Mattioli et al., 2014; van de Sandt-Koenderman
et al., 2018) and chronic stages of recovery (Barbieri et al., 2019; Crosson et al., 2007;
Fridriksson, 2010; Johnson et al., 2019; Kiran et al., 2015; Nardo et al., 2017; Thompson et
al., 2010). We do not have detailed information about speech language therapy received by
patients in the current study, but it will be important for future studies to consider how the
type, duration, and intensity of therapy influence recovery along with the potential predictors
investigated in the current study.

We were also interested in investigating the role of Broca’s area in sentence comprehension
by examining the acute stage of recovery prior to the onset of functional reorganization
recovery processes. Several functional imaging studies in healthy controls have implicated
both Broca’s area and posterior temporal regions in noncanonical sentence processing
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(Bornkessel et al., 2005; Constable et al., 2004; Europa et al., 2019; Mack et al., 2013).
Meta-analyses of healthy control functional imaging studies have also implicated IFG and
posterior temporal regions (Meyer & Friederici, 2016; Walenski et al., 2019). For example,
Meyer and Friederici (2016) found activation clusters in anterior left-hemisphere regions
(IFG, insula, MFG) as well as left-hemisphere posterior regions (MTG and STG). Walenski
et al. (2019) found activation clusters in similar regions including left-hemisphere anterior
regions (IFG, MFG, SFG) and left-hemisphere posterior regions (posterior MTG, AG), as
well as several right hemisphere regions (insula, paracingulate gyrus). Of note, activated
regions in functional imaging studies in healthy controls do not necessarily indicate a
particular region is vital for the process of interest (Price & Friston, 2002), and these results
should be interpreted accordingly.

Another method that complements functional neuroimaging in healthy controls and lesion
studies in patients is repetitive transcranial magnetic stimulation (rTMS), a form of
neuromodulation that can be used for brain mapping through the creation of transient
cortical lesions in healthy controls (Oliveri et al., 2004; Pobric et al., 2010). Specifically,
rTMS can be applied to a specific cortical region of interest during a functional task (e.g.,
online sentence processing) to determine how a lesion in that location will impact task
performance. Kuhnke et al (2017) recently reported that rTMS applied to left posterior
IFG, but not to left temporoparietal cortex, resulted in significant performance decline for
object-relative compared to subjectrelative sentences. They concluded that the left posterior
IFG is a critical region for comprehending noncanonical sentences.

It is clear from research in healthy controls that Broca’s area is involved in sentence
comprehension, but its specific function remains unclear. Thus, it is uncertain whether

it is a critical syntactic processing hub. As we have discussed above, many lesion

studies in stroke have suggested Broca’s area is essential for noncanonical sentence
comprehension and have indicated damage to Broca’s area results in asyntactic sentence
comprehension patterns (Fridriksson et al., 2018; Magnusdottir et al., 2013; Uddén et

al., 2019). However, other lesions studies have found that Broca’s area is not implicated

in asyntactic sentence comprehension deficits (Rogalsky et al., 2018; Thothathiri et al.,
2011). Most lesion studies investigate the impact of left hemisphere lesions at the chronic
stage of recovery. Our study design allowed for the unique opportunity to examine the
role of Broca’s area damage to acute sentence comprehension deficits before functional
reorganization processes have occurred. In the current study, damage to Broca’s area was
not linked to asyntactic comprehension patterns or to comprehension deficits for canonical
or noncanonical sentences at the acute stage. These results do not support the hypothesis
that Broca’s area is a critical hub for noncanonical sentence processing in neurologically
unimpaired populations. We propose Broca’s area is often implicated in studies of chronic
left hemisphere stroke patients because patients with damage to both temporoparietal
regions and Broca’s area cannot recover function to the same extent as patients without
damage, not necessarily because it is a premorbid hub for complex syntactic processing.

While one strength of our study was the ability to follow patients longitudinally from
acute to chronic stages of recovery, this study did have several limitations. First, we have
a relatively small sample size. Future studies should incorporate our longitudinal design
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with a larger group of patients, particularly because of the inherent heterogeneity in the
lesions and deficits experienced by stroke patients. Second, we did not test patients at a
subacute stage of recovery, which would provide more information about the evolution of
structure-function relationships during stroke recovery. Third, we do not have information
about the speech language therapy some patients may have received between their acute and
chronic time points. Future studies should incorporate this information to better understand
recovery processes. Fourth, we did not assess hypoperfusion, which can significantly impair
brain functioning beyond the borders of the lesion at acute and chronic stages of recovery
(Abbott et al., 2021; Hillis et al., 2001, 2002b, 2002a; Love et al., 2002; Robson et

al., 2017; Thompson et al., 2017). Fifth, the time between MRI and conclusion of acute
language testing ranged between 0 — 6 days, and it is possible some brain changes occurred
between neuroimaging and acute language testing. Finally, we did not collect functional
neuroimaging data, which would allow us to examine patterns of functional activation during
sentence comprehension at each time point.

Overall, our study suggests that when controlling for word-level comprehension deficits
while patients with damage to SLF, and SMG are likely to experience acute sentence
comprehension deficits, patients with Broca’s area and pSTG damage are more likely

to experience long-term deficits. Broca’s area was only implicated in noncanonical
comprehension or asyntactic comprehension at chronic stages after functional reorganization
processes occurred. We propose that Broca’s area and pSTG may be able to partially
subsume syntactic functioning from damaged temporal and parietal regions. Hence patients
with damage to Broca’s area or pSTG will have difficulty regaining comprehension

skills. Based on our findings Broca’s area does not appear as critical for noncanonical
sentence processing as temporoparietal areas prior to stroke. Our results also suggest that
the majority of patients will have chronic difficulties comprehending both canonical and
noncanonical sentences. Assessing canonical and noncanonical comprehension acutely is
recommended, and the majority of left hemisphere stroke patients would likely benefit from
speech-language therapy to improve their auditory syntactic comprehension.
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Highlights

. The role of Broca’s area in syntactic processing is debated

. Most stroke brain mapping studies are after functional reorganization has
occurred

. Many left hemisphere stroke patients have chronic syntactic comprehension
deficits

. Canonical sentence comprehension is often impaired following left
hemisphere stroke

. Broca’s area is only implicated in chronic stage, and not acute, syntactic

deficits

Brain Lang. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sheppard et al.

Page 22

Figure 1.
Lesion overlap map. Depicts the number of patients with lesions in specific areas of the left

hemisphere. The color scale indicates the number of patients with damage to each area.
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Figure 2.
Longitudinal changes to A) canonical and B) noncanonical sentence comprehension from

acute to chronic time points. Line thickness is scaled so thicker lines indicate a greater
number of participants with the same scores.
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Table 2.

Sentence examples from the SOAP test of comprehension (see Love & Oster, 2002 for full test)

Sentence Type  Canonicity Sentence

Active Canonical The young doctor with blonde hair questions the soldier.
Subject-relative  Canonical The soldier in uniform that questions the doctor has blonde hair.
Passive Noncanonical ~ The doctor with blonde hair is questioned by the soldier.

Object-relative  Noncanonical ~ The soldier in uniform that the doctor questions has blonde hair.
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SOAP Accuracy for Individuals with Left Hemisphere Stroke

Table 3.

Participant  Canonical Sentences (Mean Accuracy) Noncanonical Sentences (Mean Accuracy)
Acute Chronic Acute Chronic

P1 100% 100% 95% 75%

P2 45% 70% 40% 50%

P3 100% 95% 85% 80%

P4 25% 35% 45% 25%

P5 100% 100% 65% 100%

P6 100% 100% 90% 95%

P7 100% 95% 85% 85%

P8 45% 95% 35% 35%

P9 95% 65% 90% 35%

P10 90% 100% 100% 85%

P11 100% 100% 100% 100%

P12 35% 80% 35% 65%

P13 95% 100% 80% 100%

P14 75% 95% 70% 75%

P15 100% 100% 90% 100%

Mean (SD)  80.3% (27.9%) 88.7% (18.8%0) 73.7% (23.9%) 73.7% (26.0%0)

Note: SD = Standard deviation; bold text indicates impaired performance relative to age-matched controls.

Brain Lang. Author manuscript; available in PMC 2023 February 01.

Page 27



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Sheppard et al.

Table 4.

Page 28

Results of Error Analysis for Individuals with Left Hemisphere Stroke Comparing Proportion of Thematic

Reversal and Unrelated Errors

Participant

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15

Acute Chronic

Canonical Noncanonical Canonical Noncanonical
# of Thematic  Unrelated # of Thematic  Unrelated # of Thematic Unrela # of Thematic  Unrelated
Errors Reversal (%) Errors Reversal (%) Errors Reversal  ted Errors Reversal (%)
(/20) (%) (120) (%) (/20) (%) (%) (/200 (%)
2 50% 50% 2 0% 100% 0 - - 5 100% 0%
12 75% 25% 11 73% 27% 6 100% 0% 10 100% 0%
0 - - 3 100% 0% 1 100% 0% 4 100% 0%
15 40% 60% 11 55% 45% 13 69% 31% 15 93% 7%
0 - - 7 100% 0% 0 - - 0 - -
0 - - 2 100% 0% 0 - - 1 100% 0%
0 - — 3 100% 0% 1 100% 0% 4 75% 25%
11 64% 36% 13 69% 31% 11 91% 9% 12 92% 8%
1 100% 0% 2 100% 0% 7 100% 0% 13 100% 0%
1 100% 0% 0 - - 0 - - 3 100% 0%
0 - - 0 - - 0 - - 0 - -
11 64% 36% 12 75% 25% 4 100% 0% 7 100% 0%
1 100% 0% 5 100% 0% 0 - - 0 - -
4 100% 0% 5 100% 0% 1 100% 0% 5 100% 0%
0 - - 2 50% 50% 0 - - 0 - -
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