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We evaluated sentence comprehension of variety of sentence constructions and compo-
nents of short-term memory (STM) in 53 individuals with acute ischemic stroke, to test
some current hypotheses about the role of Broca’s area in these tasks. We found that some
patients show structure-specific, task-independent deficits in sentence comprehension,
with chance level of accuracy on passive reversible sentences, more impaired compre-
hension of object-cleft than subject-cleft sentences, and more impaired comprehension of
reversible than irreversible sentences in both sentence-picture matching and enactment
tasks. In a dichotomous analysis, this pattern of “asyntactic comprehension” was associ-
ated with dysfunctional tissue in left angular gyrus, rather than dysfunctional tissue in
Broca’s area as previously proposed. Tissue dysfunction in left Brodmann area (BA) 44, part
of Broca’s area, was associated with phonological STM impairment defined by forward digit
span < 4. Verbal working memory (VWM) defined by backward digit span <2 was associ-
ated with tissue dysfunction left premotor cortex (BA 6). In a continuous analysis, patients
with acute ischemia in left BA 44 were impaired in phonological STM. Patients with
ischemia in left BA 45 and BA 6 were impaired in passive, reversible sentences, STM, and
VWM. Patients with ischemia in left BA 39 were impaired in passive reversible sentences,
object-cleft sentences, STM, and VWM. Therefore, various components of working memory
seem to depend on a network of brain regions that include left angular gyrus and posterior
frontal cortex (BA 6, 44, 45); left BA 45 and angular gyrus (BA 39) may have additional roles
in comprehension of syntax such as thematic role checking.
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1. Introduction

It is widely agreed that patients with Broca’s aphasia or
damage to Broca’s area often have impaired syntactic pro-
cessing (Caplan, 1987). Functional imaging studies also show
activation of Broca’s area during syntax processing (Just et al.,
1996; Friederici et al., 2003; Hashimoto and Sakai, 2002; Marcus
et al., 2003; Musso et al., 2003), although these studies also
show activation in other areas (Caplan, 2002). However, the
type of deficit in syntactic comprehension observed in these
patients is widely debated. Grodzinsky (2000) has made the
strong claim that Broca’s area is the “neural home to mecha-
nisms involved in the computation of transformational rela-
tions between moved phrasal constituents and their
extraction sites.” On the basis of the “trace deletion hypoth-
esis” (TDH), according to which Broca’s aphasic patients do
not maintain traces of movement in sentence constructions
derived by transformational movement, such as verbal
passive and object relative clause constructions, he predicted
chance or below chance performance on comprehension of
these sentences in all patients with lesions of Broca’s area (but
see Berndt et al., 1996; Hickok and Avrutin, 1995; Caplan et al.,
1996 for arguments against this prediction).

The influence of working memory deficits on sentence
comprehension has also been controversial. Some investiga-
tors have viewed verbal working memory (VWM) as a single
resource that supports a variety of language processes (Just and
Carpenter, 1992). Others view working memory as a set of
resources that each support different language comprehension
functions, and distinguish VWM (which enables manipulation
during storage) from short-term memory (STM) or articulatory
loop (Caplan and Waters, 1999). Functional imaging studies
show that articulatory loop tasks and comprehension of
movement-derived sentences (Meltzer et al., 2010; Santi and
Grodzinsky, 2007) are both associated with activation in Bro-
ca’s area (Paulesu et al., 1993), and many studies have found an
association between VWM or STM and sentence comprehen-
sion (Vallar and Baddeley, 1984). These associations might be
observed because the two tasks both initially depend on Broca’s
area. It is important to determine if there are deficits specific to
particular tasks or sentence structures (or an interaction
between tasks and structures) to distinguish general deficits in
processing semantically reversible sentences (e.g., due to
impaired working memory) from specific syntactic deficits (e.g.,
trace deletion). Caplan et al. (2006) studied patients with
chronic stroke and found none with structure-specific, task-
independent deficits. However, the failure to find such patients
in the chronic stage could be due to differential practice of one
task in language therapy. For example, sentence-picture
matching (SPM) is often used in language therapy, while
enactment of sentences is rarely used.

The study of patients acutely after stroke would eliminate
the variable of differential practice of one task during therapy.
Moreover, the study of acute aphasia allows investigation of
structure-function relationships in the brain before the
opportunity for extensive reorganization of these relation-
ships through neuroplasticity. Thus, here we investigated the
relationship between asyntactic comprehension, short-term
storage/VWM, and acute tissue dysfunction in Broca’s area

(operationally defined for this study as the area of the mon-
treal neurological institute (MNI) atlas where any subjects had
cytoarchitecture of Brodmann'’s area, hereafter BA, 44 or 45 in
an autopsy study by Amunts et al., 1999). We initially tested
the following hypotheses:

1. In acute stroke, some patients show structure-specific,
task-independent deficits in sentence comprehension,
with chance (or below) level of accuracy on passive
reversible sentences, more impaired comprehension of
object-cleft than subject-cleft sentences, and more
impaired comprehension of reversible compared to irre-
versible sentences in both SPM and enactment tasks
(a pattern we call “asyntactic comprehension”);

2. In acute stroke, asyntactic comprehension is associated
with impaired working memory, but not with dysfunctional
tissue (infarct and/or hypoperfusion) in Broca’s area.

However, literature published during our study and our
own results led us to revise and refine our hypotheses in a post
hoc analysis, and to evaluate separately the roles of BA 44 and
45 in sentence comprehension and VWM, as well as to identify
other areas of the brain involved in cortical networks under-
lying these functions. For example, Rogalsky and Hickok (2011)
reviewed evidence from functional imaging studies and lesion
studies regarding the role of Broca’s area in sentence
comprehension. They argued that there is little evidence in
support of a specific syntax processing role. Rather, they pre-
sented evidence that BA 44 is likely to be involved in an artic-
ulatory rehearsal component of working memory necessary
for sentence comprehension, and indicated that further
support is needed from lesion studies. They argued that the
role of BA 45 in sentence comprehension is less clear, but
suggested that it appears to have a cognitive control function,
such as semantic integration (e.g., as proposed by Hagoort,
2005) or thematic role checking (Caplan et al., 2008a, 2008b).
Therefore, we tested the additional hypothesis that in acute
stroke, ischemia in BA 44, but not BA 45, is associated with
impaired verbal STM or VWM. We also evaluated whether BA
44 or BA 45 is more strongly associated with tasks that require
thematic role checking (e.g., comprehension of semantically
reversible sentences), although we did not administer the ideal
test to distinguish between deficits in thematic role checking,
semantic integration, and other aspects of cognitive control.

2. Methods
2.1. Participants

We enrolled a consecutive series of 53 right-handed partici-
pants with first-ever acute left hemisphere symptomatic
ischemic stroke who gave consent or who assented and indi-
cated a family member who provided informed consent, and
were admitted to the hospital within 24 h of onset of stroke
symptoms. Additional exclusion criteria were: non-native
speakers of English, prior neurological disease, known uncor-
rected visual or hearing loss, acute stroke limited to the brain-
stem or cerebellum, diminished level of consciousness or
requiring intubation, ongoing intravenous sedation, presence
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of any ferromagnetic implant (cardiac pacemakers, aneurysm
clip) or other contraindication to magnetic resonance imaging
(MRI), pregnancy, allergy to Gadolinium contrast or renal failure
(estimated glomerular filtration rate <60), or severe claustro-
phobia. Patients were enrolled the first day of admission to the
hospital. They had MRI and language testing the same day.

2.2. Experimental language tasks

Patients underwent a battery of language tasks, including
standardized and unstandardized tasks. However, the focus of
this study is on the following experimental tasks.

SPM: Participants saw two pictures on a computer screen
and simultaneously heard and saw a written sentence
underneath the picture. The participant had to press a key to
indicate which picture matched the sentence they heard and
saw. There were a total of 80 experimental trials. There were
20 sentences of each category: (a) active, (b) passive, (c)
subject-cleft, and (d) object-cleft (see examples below):

(a) The father kicked the niece.

(b) The niece was kicked by the father.

(c) It was the father that kicked the niece.
(d) It was the niece that the father kicked.

Within these categories each contained10 semantically
reversible sentences (e.g.,, “It was the man that kicked the
girl”) and 10 semantically irreversible sentences (e.g., “It was
the man that kicked the tree”). For the reversible sentences,
the foil represented the reversal of the object and the subject
(e.g., “It was the girl that kicked the man”). For semantically
irreversible sentences, foils contained a different object or
agent (e.g., “It was the chicken that the mother held” vs “It was
the fish that mother held.”)

Enactment: Participants heard and saw a sentence on the
computer screen and were asked to act out the sentence using
laminated paper figures/pictured objects. The figures/objects
represented the subjects and objects in each sentence. The
number of trials and sentence categories were the same as the
SPM task. The vocabulary words were the same, but the exact
sentences were not used twice. Responses were scored as
correct if the participant selected the correct agent and
showed that it was doing something to the correct object.

For both tasks participants were permitted to respond with
either right or left hands, and the tasks were untimed, so
motor difficulties did not appear to affect accuracy.

Short-term and working memory: STM and VWM were
assessed with forward and backward digit span, respectively.
Note that forward digit span was used to assess short-term
storage (articulatory loop), while backward digit span was
used to assess VWM, because only the latter requires some
manipulation during storage. Each span length was assessed
by two trials, giving credit for the maximum span length for
which the patient was successful on at least one trial.

Magnetic resonance imaging included T1, T2, Fluid Attenuated
Inversion Recovery (to rule out old infarcts), Susceptibility
Weighted Images (to rule out hemorrhage), diffusion-weighted
images (DWI), Apparent Diffusion Coefficient (ADC) maps,
and dynamic-susceptibility contrast echo-planar Perfusion
Weighted Images (PWI) obtained parallel to the anterior

commissure (AC)—posterior commissure (PC) line on Siemens
1.5 T clinical scanner or Philips 3 T research scanner. PWI was
obtained with power-injection of 20 cc of Gadolinium at 5 cc/
sec. Five millimeter thick slices, typically 17—20slices to achieve
whole brain coverage, were obtained for most sequences. A
subset of participants also had high resolution (1 mm slice
thickness) magnetization prepared rapid acquisition gradient
echo (MPRAGE) scans. Scans were initially analyzed for
dysfunction in Broca’s area on DWI, ADC, and PW1 by the senior
author (AH) and one technician without knowledge of results of
the language assessment. Each sequence was registered to the
MNI atlas, and we determined whether each patient’s infarct
and/or area of hypoperfusion covered (1) part, (2) all, or (0) none
of the area corresponding to cytoarchitectural areas 44 and 45 in
the probabilistic map of Broca’s area based on an autopsy study
(Amunts etal., 1999). There was >90% point-to-point agreement
between the 2 judges; discrepancies were resolved by joint
review. Scans were re-analyzed to evaluate for ischemia in 12
other BAs: 6, 10, 11,18, 19, 20, 21, 22, 37, 38, 39, 40 on a standard
atlas (Damasio and Damasio, 1989) by technicians masked to
the language scores. There was 100% point-to-point agreement
between the 2 judges on 10 scans evaluated by both technicians.
Dysfunctional tissue was defined as bright on DWI and dark on
ADC and/or >4 sec delay in time to peak arrival of Gadolinium to
the region compared to the homologous region in the right
hemisphere (measured with ImageJ; http://rsb.info.nih.gov/ij/
download.html). This degree of hypoperfusion corresponds to
dysfunctional tissue defined by positron emission tomography
(PET) (Zaro-Weber et al., 2010; Sobesky et al., 2004).

2.3. Statistical analysis

2.3.1. Dichotomous tests

We first identified the pattern of asyntactic comprehension as
a dichotomous variable (present or absent). The presence of
asyntactic comprehension required: performance not signifi-
cantly above chance level of accuracy on passive reversible
sentences on at least one test (SPM or enactment); >10
percentage points lower accuracy on passive compared to active
sentences and object-cleft compared to subject-cleft sentences,
and >10 percentage points lower accuracy on reversible
compared to irreversible sentences. These criteria (e.g., the 10
point difference) are arbitrary, but we chose them prospectively.
Other tests of the same relationships that we carried out did not
depend on these arbitrary criteria (see continuous analyses). We
identified associations between ischemia (hypoperfusion/
infarct) in all or part of Broca’s area as defined above and (1) this
pattern of asyntactic comprehension and (2) impaired STM
(forward digit span < 2) or VWM (backward digit span < 4) using
chi square tests. As a secondary analysis, we identified associ-
ations between ischemia (hypoperfusion/infarct) in all or part of
12 additional BAs and (1) this pattern of asyntactic compre-
hension and (2) impaired STM (forward digit span < 2) or VWM
(backward digit span <4) using chi square tests. We applied
a Bonferroni correction for 48 comparisons (12 BAs x 4 tests), so
that an alpha level of p < .001 was considered above chance.

2.3.2. Comparisons across continuous variables
We used multivariate linear regression, with age and educa-
tion as independent variables (entered together), and each of
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the sentence comprehension and digit span tests as depen-
dent variables to determine whether these variables inde-
pendently or together predicted performance on any of the
behavioral tests.

We then identified patients with ischemia in anatomic
regions of interest found to be associated with impairments of
verbal STM, VWM, or asyntactic comprehension by chi square
tests: BA 44, 45, 6 (premotor cortex), and 39 (angular gyrus). We
compared their performance on sentence comprehension and
working memory tasks to patients withoutischemia in each of
these areas using independent samples t-tests. We could not
use analysis of variance (ANOVA) to compare performance
across several lesion groups (e.g., those with ischemia in BA
44, 45, 39, etc.) at once, because many patients would fall into
two or more groups.

3. Results

The age of participants ranged from 18 to 91 years (mean 59.3;
standard deviation (SD) 15.2). Education ranged from 7 to 24
years (mean 14.0; SD 3.4). Of the 53 patients, 30 were women.

3.1. Dichotomous analysis

Very few patients showed ischemia in the entire area for any
area; therefore we combined patients who showed ischemia
in part of the area and all of the area as showing ischemia in
the area. A total of 14 patients showed asyntactic compre-
hension on at least one test. Of the 14 patients with asyntactic
comprehension, six patients showed this pattern on both SPM
and enactment, six patients showed the pattern only on one
test (three in SPM and three in enactment), and two failed to
complete one or more tests. Many more patients showed
impaired comprehension of syntactically complex sentences,
but did not meet the criteria for asyntactic comprehension
(e.g., because they also failed to comprehend active sentences
or showed no difference between subject-cleft and object-cleft
sentences).

3.1.1. Broca’s area: dichotomous analysis

Asyntactic comprehension on at least one test was not
significantly associated with tissue dysfunction in BA 44
(x*=3.5, df=1, p=.06), but there was a trend toward an

association with tissue dysfunction in BA 45 that was not
significant after the Bonferroni correction (X2 =51, df=1,
p=.02). These data are summarized in Fig. 1.

Phonological STM as defined by forward digit span <4 was
strongly associated with tissue dysfunction in BA 44 (x> =7.9,
df =1, p = .005), but not associated with BA 45 (x> =1.1, df =1,
p=.3). VWM as defined by backward digit span <2 was not
significantly associated with tissue dysfunction in either area,
but showed a trend toward an association with ischemia in BA
44 (x*=6.3,df =1, p=.01) only.

Although there is substantial overlap in patients who
had ischemia in BA 44 and 45, some patients showed
ischemia in part of one area but not the other, so that this
dichotomous analysis revealed a disassociation between
areas associated with asyntactic comprehension (BA 45)
and areas associated with STM and VWM (BA 44). For
example, the patient whose scans are shown in Fig. 2
showed ischemia in part of BA 44 (pars opercularis), but
not BA 45, and was 90% accurate in passive reversible sen-
tences, and 95% accurate or above in comprehending all
other sentence types, but had a forward digit span of only 3
(impaired).

There was not a significant association between asyntactic
comprehension and STM measured by forward digit span <4
(x*=3.6,df =1, p = .06) or between asyntactic comprehension
and VWM measured by backward digit span<2 (x*=2.5,
df =1, p=.12). Many patients who had limited spans did not
have asyntactic comprehension.

3.1.2. Other areas associated with asyntactic comprehension
Asyntactic comprehension on at least one test was also
strongly associated with tissue dysfunction in left angular
gyrus (x*>=20.7, df = 1, p = .000006).

Thus, although there was only a trend for asyntactic
comprehension to be associated with ischemia in left BA 45 in
the dichotomous analysis, asyntactic comprehension was
significantly associated with ischemia in left angular gyrus.
For example, the patient in Fig. 3, who had tissue dysfunction
in BA 39 and 40 (supramarginal gyrus), but not BA 44 or 45, was
only 40% correct for passive reversible sentences, but 85%
correct for active reversible sentences. He was 85% correct for
cleft-object sentences, and 100% correct for cleft-subject
sentences. This man had forward digit span of 3, and was
unable to do backwards digits.

Fig. 1 — Results of dichotomous analyses: chi square values for the associations between asyntactic comprehension, STM,

VWM and each of the BAs of interest.


http://dx.doi.org/10.1016/j.cortex.2011.09.009
http://dx.doi.org/10.1016/j.cortex.2011.09.009

1292

CORTEX 48 (2012) 1288—-1297

Fig. 2 — Top. DWI (left) and PWI (right) scans of a patient whose accuracy in sentence comprehension was 90% for passive
reversible sentences, 95% for active reversible and 100% for object-cleft and subject-cleft sentences, but reduced forward
digit span of 3 (and backward digit span of 3), at the time of acute dysfunctional tissue within part of BA 44 but not BA 45.

3.1.3. Other areas associated with impaired
short-term/working memory

Reduced phonological STM defined by forward digit span <4
was not associated with tissue dysfunction in any of the areas
after correction for multiple comparisons. Without correction,
BA 6 (premotor cortex), 39 (angular gyrus), and 40 (supra-
marginal gyrus) showed a trend toward an association
between ischemia and reduced verbal STM. After Bonferroni
correction, reduced VWM defined by backward digit span <2

was associated with tissue dysfunction left BA 6 (Fisher’s
exact: p =.0006) in posterior frontal cortex.

3.2.  Analysis of comprehension and working/short-term
memory as continuous variables

There were no significant differences between men and
women on any of the behavioral tests by independent t-tests.
Also, neither education nor age was independently or together

Fig. 3 — DWI (top panel) and PWI (lower panel) scans of a patient with asyntactic comprehension and impaired STM
associated with ischemia in left angular gyrus. He was 40% correct for passive reversible sentences, but 85% correct for
active reversible sentences. He was 85% correct for cleft-object sentences, and 100% correct for cleft-subject sentences.
Forward digit span of 3, and was unable to do backwards digits. The acute infarct on DWI involves only the caudate. PWI
shows significant hypoperfusion (>4 sec delay in time to peak (TTP) relative to the homologous regions in the right
hemisphere; see Methods) in angular gyrus (BA 39) and supramarginal gyrus (BA 40), but not Broca’s area (BA 44 or 45).
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associated with accuracy of performance on any of the sen-
tence types or digit spans using multivariate linear regression
(r*=.014, p=.998 for active reversible sentences to r?=.115,
p =.112 for backward digit span).

3.2.1. Broca’s area: continuous analysis

We evaluated the effects of ischemia in left BA 44 and BA 45 on
various tasks and demographics using independent samples
t-tests to compare patients with ischemia in each area to
patients without ischemia in that area. Results are summa-
rized in Figs. 4—6. Importantly, there were no significant
differences between participants with ischemia and partici-
pants without ischemia in either BA 44 or 45 in terms of age or
education.

Those with ischemia in left BA 44 were significantly more
impaired than those without in digit span forward (mean
3.3+SD2.4vs5.8+1.9,t=2.9,df =50, p=.006); and digit span
backward (mean 1.4+ 1.6 vs 3.9+ 1.4, t=3.6, df =51, p=.001).
They were not significantly more impaired in comprehending
any of the sentence types in SPM or enactment than patients
without ischemia in BA 44.

Patients with ischemia in left BA 45 were significantly more
impaired than those without only in comprehension of
passive reversible sentences in SPM (mean 65.0+26.5% vs
84.9+7.2% correct, t=2.1, df =49, p=.039); and digit span
forward (mean 3.5+2.6 us 5.7 +2.0, t=2.0, df =50, p =.047);
and digit span backward (mean 1.0+1.4 vs 3.9+1.7, t=3.5,
df =51, p=.001).

3.2.2.  Other areas: continuous analysis
Having identified significant associations between infarct in
left angular gyrus (BA 39) and asyntactic comprehension, as

well as an association between premotor cortex (BA 6) and
reduced digit span, as dichotomous variables, we evaluated
the sentence comprehension and digit span performance in
participants with and without ischemia in these regions of
interest.

There was no significant difference between participants
with or without ischemia in BA 39 or 6 in age or education by
independent t-tests.

Acute ischemia in left BA 39 (angular gyrus) was associated
with significant impairment in comprehension of passive
reversible sentences in SPM (65.4 +19.9 vs 88.9 +13.2, t = 14.5,
p <.0001), cleft-object sentences in SPM (79.0+17.8 vus
91.0+13.0, t=26, df=49, p=.01) and in enactment
(79.8 £ 13.6 vs 95.6 + 5.0, p = .015), as well as digit span forward
(mean 4.1+2.0 vs 5.9+ 2.0, t=2.8, df =50, p=.007) and digit
span backward (mean=1.7+1.5 vs 42+1.6, t=5.0, df =51,
p <.0001).

Similarly, acute ischemia in left BA 6 (premotor area) was
only associated with significant impairment in comprehen-
sion of passive reversible sentences in SPM (69.0 +18.5 vs
86.9+17.0, df =49, t=2.9, p=.005), as well as digit span
forward (mean 3.8 + 1.8 vs 6.0 & 1.9, df =50, p < .0001) and digit
span backward (mean=2.0+1.7 vs 41+1.7, t=3.9, df =51,
p=.001).

4, Discussion

We confirmed our first hypothesis, that in patients with acute
stroke, some patients show structure-specific, task-indepen-
dent deficits in sentence comprehension, with particular

impairment of movement-derived sentences. We can

Fig. 4 — Results of continuous analysis: mean scores for SPM for various sentence types for patients with and without
ischemia in each of the BAs significantly associated with asyntactic comprehension or STM/VWM in the dichotomous
analysis. A significant difference by independent t-test is marked by *.
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Fig. 5 — Results of continuous analysis: mean scores for enactment for various sentence types for patients with and without
ischemia in each of the BAs significantly associated with asyntactic comprehension or STM/VWM in the dichotomous
analysis. A significant difference by independent t-test is marked by *.

speculate that the difference between acute and chronic
stroke findings might reflect differential practice in particular
types of tasks after stroke that reduces the task demands for
tasks like SPM, and allows better performance on passive

Fig. 6 — Results of continuous analysis: mean scores for
forward and backward digit span (VWM) for patients with
and without ischemia in each of the BAs significantly
associated with asyntactic comprehension, or with
reduced forward digit span (STM), or backward digit span
(VWM) in the dichotomous analysis. A significant
difference by independent t-test is marked by *.

sentences, reversible sentences, and those with cleft-object
clauses in the practiced task but not in unpracticed tasks.
Nevertheless, some patients showed asyntactic comprehen-
sion in just one task — either enactment or SPM, which could
be due to random variability in performance or an interaction
between the task demands and sentence structures thatis not
consistent across patients.

Our results concerning the relationship between ischemia
in Broca’s area and its effect on performance on measures of
STM (forward digit span) or working memory (backward digit
span) and syntax comprehension were complex, and consis-
tent with an emerging story from the functional imaging
literature (see Rogalsky and Hickok, 2011, for review).

First, we found an association between impaired verbal
STM and ischemia in BA 44, or pars opercularis, consistent
with the hypothesis that this region is essential for an articu-
latory loop component of phonological STM (Paulesu et al.,
1993; Rogalsky et al., 2008). Recent evidence from articulatory
suppression combined with functional magnetic resonance
imaging (fMRI) (Rogalsky et al., 2008) indicates that atleast pars
opercularis portion of Broca’s area is involved in phonological
STM at the level of articulatory rehearsal or integrating infor-
mation maintained by articulatory rehearsal with higher level
representations (Rogalsky and Hickok, 2011). This hypothesis
is consistent with findings indicating that acute ischemiain BA
44 results in impairments of digit span (shown in this paper) as
well as articulation (Hillis et al., 2004). However, ischemia in BA
44 alone was not associated with asyntactic comprehension or
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impaired comprehension of syntactically complex sentences
(e.g., passive reversible sentences or cleft-object sentences) in
the dichotomous analysis. These two results are consistent
with previous studies from neurologically impaired individ-
uals showing that patients with severely impaired ability to
repeat verbatim (e.g., digit span of two) are sometimes able to
comprehend syntactically complex sentences (Martin, 1993).
There was also an association between impaired STM and
ischemia in nearby BA 6 (premotor cortex), consistent with
numerous functional imaging studies (Swartz et al., 1996;
D’Esposito et al., 1999; D’Esposito and Postle, 1999). It is clear
from both functional imaging studies and lesion studies that
a network of regions underlies the complex cognitive
processes of working memory, of which the phonological loop
(which seems to depend on BA 44 and BA 6) is one component.

Secondly, we found a trend toward an association between
asyntactic comprehension and ischemia in BA 45, or pars
triangularis (p=.02, which was not significant after correc-
tion for multiple comparisons), but no trend for pars oper-
cularis (BA 44). Moreover, patients with ischemia in BA 45
were significantly impaired, by t-test, on comprehension of
passive reversible sentences, compared to patients without
lesions in this area. This result is consistent with the proposal
that this region may be critical for thematic role checking or
reanalysis. This finding is in keeping with a previous case
report of acute ischemia in Broca’s area associated with
impairment in simple reversible questions (e.g., Is a horse
larger than a dog?) and active and passive reversible sentences
(The girl chased the man; the boy was chased by the dog) on
a video-sentence matching task, which resolved when Broca’s
area was reperfused (Davis et al., 2008). Thus, more anterior
parts of Broca’s area, such as pars triangularis, may be
involved in more “cognitive control” aspects of sentence
comprehension, or more specifically, thematic role checking/
reanalysis (Caplan et al., 2008a, 2008b). Evidence for the latter
hypothesis comes from distance effects in Broca’s area for
semantically unconstrained sentences (e.g., The lawyer that
the banker irritated filed a lawsuit), but not semantically
constrained sentences (e.g., The thief that that policeman
arrested was known to carry a knife.). However, we found no
significant impairment in comprehension of object-cleft sen-
tences associated with acute ischemia in left BA 45, which we
might have expected on the account that these patients are
impaired in thematic role checking or reanalysis. Patients
with ischemia in BA 45 did have lower scores on object-cleft
sentences than patients without ischemia in this region, but
the difference was not significant, possibly due to insufficient
power or “lucky guessing” in some cases. Nevertheless, the
possibility of a deficit in thematic role checking or cognitive
control aspects of syntax processing associated with acute
lesions of pars triangularis (BA 45), reflected in impaired
comprehension of passive reversible sentences and reversible
questions in at least in some patients, would not contradict
previously published findings that many individuals with
chronic lesions involving Broca’s area have more selective
deficits (or no deficits), as other areas of the brain may assume
some normal roles of Broca’s area during recovery.

In the continuous analysis ischemia in left BA 45 was
associated with reductions in both forward and backward
digit span, indicating that it may also have a role in working

memory. Indeed, working memory may support thematic role
checking. Alternatively, the association may have been
significant because many patients with ischemia in BA 45 also
have ischemia in BA 44. Furthermore, there is substantial
overlap in the locations of these cytoarchitectural fields across
individual brains (Amunts, et al., 1999).

Our original hypotheses were about the association
between deficits and Broca’s area (BA 44 and 45), because this
area has been the focus of lesion studies and functional
imaging studies. However, having failed to identify an asso-
ciation between asyntactic comprehension and acute
ischemia in BA 44, nor an association between STM/VWM and
BA 45 by chi square tests, we carried out additional analyses to
determine if there are other regions of acute ischemia asso-
ciated with asyntactic comprehension and/or impairments in
STM or VWM. We identified in the dichotomous analysis
a strong association between asyntactic comprehension and
left angular gyrus, another region that is considered to be
important in a neural network underlying STM (Swartz et al.,
1996; Thomason et al., 2009; Metzak et al., 2011). Furthermore,
in the continuous analysis, ischemia in the left angular gyrus
was associated with impairments in comprehension of both
passive reversible and object-cleft sentences (but not other
sentences), and associated with reduced forward and back-
ward digit span by independent samples t-tests. This area is
frequently activated in functional imaging studies of working
memory and sentence comprehension, but receives far less
attention in the literature than Broca’s area. Although the
connections between Broca’s area and Wernicke’s area are
also emphasized in discussing anatomy underlying sentence
comprehension, there are also white matter tracks connecting
Broca’s area and angular gyrus (Catani et al., 2005). Further-
more, there is strong evidence of functional connectivity
between Broca’s area and angular gyrus during both sentence
comprehension (Prat and Just, 2010) and at rest (Greicius et al.,
2003; Fox and Raichle, 2007). Therefore, the role of left
angular gyrus in sentence comprehension deserves further
exploration.

We also found in the continuous analysis that ischemia in
left BA 6 (like BA 45) was associated with impaired compre-
hension of passive reversible sentences, and reduced digit
span forward and backward. So, this area, too, may have arole
in comprehension of syntactically complex sentences.

The mean scores for patients with ischemia across BAs 44,
45, and 6 did not differ very much for any sentence type or
digit span task. This result is not very surprising, because
there was substantial overlap in these groups; that is, several
patients had ischemia in two or more of these areas. However,
some patients had ischemia involving only one area, and had
selective impairment or preservation of specific sentence
types or tasks, such that some distinct lesion-deficit associa-
tions were revealed with the dichotomous analyses.

We were not able to obtain high resolution (1 mm slice
thickness) T1 scans in all participants in this study for a voxel-
based analysis, so we focused on 12 BAs in the frontal,
temporal, and parietal cortex (which have been proposed as
components of networks underlying language comprehen-
sion or working memory) as specific regions of interest. Future
studies will evaluate specific voxels associated with syntactic
comprehension deficits. Our preliminary results are
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consistent with the proposal that comprehension of certain
types of syntactically complex sentences (e.g., passive
reversible sentences and perhaps object-cleft sentences)
depends on at least posterior frontal regions (BA 6, 45) and
angular gyrus, although these areas might have distinct roles
in the task. We recently reported complementary evidence
indicating that acute ischemia in most of the regions of
interest within the left temporal cortex anterior to BA 37 dis-
rupted comprehension of all sentence types, while ischemia
in BA 45, 6, and 39 selectively disrupted comprehension of
syntactically complex sentences (Trupe et al., 2011 [abstract]).

In summary, we have provided evidence in favor of distinct
anatomical and cognitive causes of the pattern of sentence
comprehension impairment that we and others have referred
to as “asyntactic comprehension”, as argued by many other
authors (e.g., Berndt et al., 1996, Caplan et al., 2006). One cause
seems to be disrupted thematic role checking, which may be
a type of cognitive control that relies on left BA 45. Another
cause may be some aspect of VWM that supports manipulation
of the information held in short-term storage, which seems to
rely on at least left BA 6 and perhaps left angular gyrus. The
important role of the left angular gyrus in comprehension of
syntactically complex sentences requires further investiga-
tion. Phonological STM, specifically the articulatory loop
component, seems to rely on left BA 44, but can be quite limited
without disrupting sentence comprehension.
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