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The role of Broca’s area in sentence processing remains controversial. According to one view, Broca’s area is involved in processing
a subcomponent of syntactic processing. Another view holds that it contributes to sentence processing via verbal working memory.
Sub-regions of Broca’s area have been identified that are more active during the processing of complex (object-relative clause)
sentences compared to simple (subject-relative clause) sentences. The present study aimed to determine if this complexity effect can
be accounted for in terms of the articulatory rehearsal component of verbal working memory. In a behavioral experiment, subjects
were asked to comprehend sentences during concurrent speech articulation which minimizes articulatory rehearsal as a resource for
sentence comprehension. A finger-tapping task was used as a control concurrent task. Only the object-relative clause sentences were
more difficult to comprehend during speech articulation than during the manual task, showing that articulatory rehearsal does contribute
to sentence processing. A second experiment used fMRI to document the brain regions underlying this effect. Subjects judged the
plausibility of sentences during speech articulation, a finger-tapping task, or without a concurrent task. In the absence of a secondary
task, Broca’s area (pars triangularis and pars opercularis) demonstrated an increase in activity as a function of syntactic complexity.
However, during concurrent speech articulation (but not finger-tapping) this complexity effect was eliminated in the pars opercularis
suggesting that this region supports sentence comprehension via its role in articulatory rehearsal. Activity in the pars triangularis was

modulated by the finger-tapping task, but not the speech articulation task.
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INTRODUCTION

The role of Broca’s area in sentence processing has been debated
for the last 30 years. Broca’s area (defined as the posterior por-
tions of the inferior frontal gyrus, i.e. the pars triangularis and
pars opercularis) has been implicated in syntactic processing
(Bradley et al., 1980; Caramazza and Zurif, 1976; Grodzinsky;,
1984, 2000), but also has been proposed as a verbal working
memory resource for sentence comprehension (Caplan and
Waters, 1999; Just and Carpenter, 1992; Martin, 2003). The study
described here examined the relationship between sentence
comprehension, verbal working memory, and Broca’s area.

BROCA’S AREA AND SYNTACTIC PROCESSING

Broca’s area has long been implicated in sentence processing
(Goodglass and Kaplan, 1972). Broca’s area was first thought
to support syntactic processing because Broca’s aphasics were
found to have agrammatic production' (Gleason et al., 1975;
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Goodglass, 1968, 1976; Goodglass and Berko, 1960; Kean, 1977).
Such patients typically produce syntactically simple sentences
that lack function words and inflections (Kean, 1995), suggest-
ing that they are lacking the ability to form syntactic structures.
Broca’s aphasics also have been found to have difficulty com-
prehending syntactically demanding utterances such as seman-
tically reversible sentences that contained non-canonical word
order (“It was the squirrel that the raccoon chased”) (Bradley
et al., 1980; Caramazza and Zurif, 1976). Such sentences place a
heavy burden on syntactic mechanisms because meaning can-
not be inferred from lexical-semantic information alone (c.f,,
“It was the nut that the squirrel ate”), nor can typical English-
language subject-verb-object word order patterns provide clues
to the subject and object of the action (c.f., “It was the 'raccoon
that chased the squirrel”). These deficits in comprehending syn-
tactically complex sentences, along with agrammatic production
deficits, suggested an overall syntactic deficit in Broca’s apha-
sia, and thus linked syntax to Broca’s area (Bradley et al., 1980;
Caramazza and Zurif, 1976).

Despite early evidence implicating Broca’s area in syn-
tactic processing, subsequent studies questioned this view.
For example, Broca’s aphasics were found to be able to make

! Although Broca’s area is often damaged in Broca’s aphasia, damage to this region
is neither sufficient (Mohr, 1976; Mohr et al., 1978) nor necessary (Dronkers et al.,
1992) to cause Broca’s aphasia. The neural basis of the comprehension pattern
often found in Broca’s aphasia is less than clear (Dronkers et al., 2004). This
complication does not negatively affect the arguments made below, however.
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grammaticality judgments of sentences, even if they are unable
to comprehend these same sentences (Linebarger et al., 1983;
Wulfeck, 1988), suggesting that these patients have signifi-
cant syntactic knowledge available to them (Linebarger, 1990;
Linebarger et al., 1983; Martin, 2003). And while some of the
earliest functional imaging studies of sentence processing
implicated Broca’s area, particularly in the comprehension of
complex structures (Caplan etal., 1998, 1999; Dapretto and
Bookheimer, 1999; Just et al., 1996; Stromswold et al., 1996),
other studies found a lack of correspondence between sentence
processing and activity in Broca’s area. For example, Mazoyer
etal. (1993) found that activity in Broca’s area does not track
with the presence or absence of syntactic structure, respond-
ing to meaningful sentences, but also to unstructured word
lists, and not to structured sentences that are semantically odd.
In contrast, another region, the anterior temporal lobe, does
appear to track with the presence of syntactic structure, and
consequently has emerged as a candidate for supporting syn-
tactic and/or compositional semantic processing (Humphries
et al., 2001, 2005; Mazoyer et al., 1993; Rogalsky and Hickok,
2008; Vandenberge et al., 2002). Thus, the role of Broca’s area in
sentence processing needs to be reevaluated.

There are two main theories regarding the contributions of
Broca’s area to sentence processing. One is that it is involved in
a subcomponent of syntactic processing (e.g., processing long-
distance dependencies) (Grodzinsky, 2000). The other is that
Broca’s area is involved in working memory processes that sup-
port sentence comprehension in high-load conditions (Caplan
and Waters, 1999; Just and Carpenter, 1992; Martin, 2003). The
current study directly addresses this latter hypothesis.

WORKING MEMORY AND SENTENCE PROCESSING

There are a variety of conceptualizations of “working memory”
that have been investigated in connection with sentence com-
prehension (Caplan and Waters, 1999; Just and Carpenter, 1992;
Martin, 2003). We will focus here on one of them, namely that
the comprehension of complex sentences requires verbal infor-
mation to be stored in something like Baddeley’s phonological
loop (Baddeley, 1986; Baddeley and Hitch, 1974). There is evi-
dence both for and against this link between the phonological
loop and sentence comprehension.

Some of the evidence supporting the involvement of the pho-
nological loop in sentence comprehension has emerged from
reading comprehension and short-term memory studies involv-
ing concurrent task paradigms (e.g. Baddeley, 1981; Baddeley
etal., 1975; Besner and Davelaar, 1982; Coltheart, 1993). For
example, Baddeley (1981) asked subjects to detect word order
errors in visually-presented sentences while performing one of
two tasks concurrently. In one condition, subjects performed
the error detection task during concurrent continual articula-
tion of the word “the.” By engaging the phonological loop in the
rehearsal of “the”, Baddeley hypothesized that the loop’s con-
tribution to reading would be suppressed, and thus the extent
of its involvement in reading could be determined. In the other
concurrent task condition, subjects tapped one of their fingers,
paced by a metronome. Performance in the word error detection
task was significantly worse during concurrent articulation than
during concurrent tapping, suggesting that the phonological
loop contributes to reading processes.

Several other reading comprehension studies, using various
measures of text comprehension and various concurrent artic-
ulation and tapping tasks, have found a similar impairment

in reading comprehension during concurrent articulation
compared to concurrent tapping (De Beni etal., 2005;
Slowiaczek and Clifton, 1980; Takahashi, 2007). It is important
to note that the difference in performance on the reading com-
prehension tasks during concurrent articulation and during
tapping is not likely due to differences in the general difficulty
of or attention required in the two concurrent tasks. Although
comprehension performance was lower during articulation that
during tapping, some of these same studies measured reaction
time and reading speed: there were no significant differences in
reaction times or in reading speeds between the two concurrent
task conditions (Baddeley, 1981; De Beni et al., 2005). In addi-
tion, irrelevant sounds and speech presented during reading
comprehension tasks do not impair reading comprehension as
concurrent articulation does (Boyle and Coltheart, 1996). It is
unclear, however, how comprehension as measured by reading
may differ from auditory comprehension, which is the focus of
the present study.

Studies of auditory comprehension also suggest that the
phonological loop is involved in sentence comprehension.
Imaging studies of verbal working memory have regularly
implicated Broca’s area as part of the phonological loop, par-
ticularly in the articulatory rehearsal component (Smith et al.,
1998; Zatorre et al., 1992). Additional studies have implicated
working memory resources, (but not necessarily a phonologi-
cal loop) in sentence processing: Broca’s aphasics have been
found to have reduced digit and sentence working memory
spans, and their sentence comprehension in high load situa-
tions has been correlated with verbal working memory capac-
ity more broadly defined (Daneman and Carpenter, 1980;
De Renzi and Nichelli, 1975; Just and Carpenter, 1992; Swinney
and Taylor, 1971).

Although there is some evidence implicating the phonologi-
cal loop in sentence comprehension, lesion data indicate that
working memory span and sentence comprehension deficits
are dissociable (Caplan and Waters, 1999). For example, some
patients demonstrate normal comprehension of complex sen-
tences, despite significantly restricted working memory capaci-
ties (Caplan and Waters, 1999; Hanten and Martin, 2000; Waters
etal.,, 1991). This dissociation suggests that regions involved
in the phonological loop may not be necessary for sentence
comprehension (Caplan and Hildebrandt, 1988; Caplan and
Waters, 1999).

A PET study by Caplan etal. (2000) provides further sug-
gestive evidence that the phonological loop is not the basis for
Broca’s area’s involvement in sentence comprehension. Their
study compared neural activity during the comprehension of
written sentences of varying syntactic complexity during articu-
latory suppression (repeatedly articulating a word or sequence
of syllables). As mentioned above, articulatory suppression
interferes with short-term memory, presumably by preventing
the use of the articulatory rehearsal component of the phono-
logical loop (Baddeley et al., 1975). In a functional imaging con-
text, one can use articulatory suppression to assess the extent to
which sentence complexity effects in Broca’s area reflect articu-
latory rehearsal: if the complex sentences yield greater activation
in Broca’s area than more simple sentences even during articu-
latory suppression, then the residual activation can be attrib-
uted to mechanisms other than articulatory rehearsal. Caplan
etal. (2000) report precisely this pattern: during articulatory
suppression, they found an increase in activity in a portion of
Broca’s area (in the pars triangularis) for processing syntactically
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complex sentences, compared to canonical sentence forms. The
authors suggest that this difference in activity “is not due to
subvocal rehearsal of those structures, but rather results from
processing syntactic forms themselves”.

The design of Caplan et als experiment limits interpretation
of their findings, however. First, unlike most studies of syntactic
comprehension in aphasia, they used written materials in a self-
paced format. Presenting the entire sentence and allowing the
duration of presentation to be paced by the subject may have
allowed subjects to re-read and/or spend more time reading the
more complex sentences. It is unclear whether these findings
will generalize to auditory comprehension. Second, they did not
separately assess the brain activation foci associated with sen-
tence comprehension versus articulatory rehearsal. This leaves
open the possibility that articulatory suppression did saturate
a portion of the normal sentence-related activation in Broca’s
area, suggesting some role for the working memory in sentence
comprehension. Finally, they did not include a control concur-
rent task, such as finger tapping. The use of such a task could
have revealed a contribution of working memory to the “sen-
tence effect” in Broca’s area if, for example, a larger extent of
Broca’s area was activated for sentences during the manual task
compared with during the speech articulation task.

The aim of the current study was to address the role of
phonological working memory in sentence comprehension by
expanding upon Caplan et al’s study. Our hypothesis is that at
least a part of the contribution of Broca’s area to sentence com-
prehension stems from its involvement in verbal working mem-
ory. Specifically, we hypothesized that comprehension of high
load sentences is supported, in part, by recruitment of verbal
working memory resources including the articulatory rehearsal
mechanism. This hypothesis predicts that sentence comprehen-
sion performance on high load sentences should decline during
articulatory suppression (relative to low load sentences and rela-
tive to a control task), and that at least a portion of the activa-
tion in Broca’s area during high load sentences should be equally
activated during articulatory suppression such that the sentence
complexity effect typically found in Broca’s region (high > low
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complexity) should be eliminated. We tested these predictions in
the following two experiments.

EXPERIMENT 1: INVESTIGATION OF THE EFFECTS OF
CONCURRENT ARTICULATION AND MANUAL SEQUENCING
TASK ON SENTENCE COMPREHENSION

METHODS

If in fact a phonological loop is necessary for sentence com-
prehension, particularly for the comprehension of syntactically
complex sentences, we should be able to detect behaviorally a
decrease in comprehension performance as a function of sen-
tence complexity during concurrent speech articulation. Thus,
55 native English-speaking right-handed subjects were adminis-
tered a modified SOAP (Subject Object Active Passive) sentence
comprehension test (Love and Oster, 2002) during both con-
current articulation and a finger-tapping sequence task, respec-
tively. The finger-tapping sequence task condition provided a
control for the general effect of performing a secondary task
during auditory comprehension.

The SOAP test consists of 40 semantically reversible sen-
tences (e.g.: The man pushes the boy. The boy pushes the man)
(10 active, 10 passive, 10 subject-relative clause (SR), and 10
object-relative clause (OR) sentences). Sentences were spoken
and recorded by a female speaker using Audacity sound-edit-
ing software. The sentences were presented via headphones.
Subjects were asked to match the sentence with one of three
pictures. The picture arrays contained one correct picture, a
picture of actors performing the reverse thematic roles, and an
unrelated picture (Figure 1). The picture display was presented
on a computer monitor; the auditory and visual stimuli were
delivered via Cogent 2000 software (FIL, 2000) and Matlab
(Mathworks, Inc.). The sentences and picture displays were pre-
sented simultaneously. Subjects were instructed to respond by
pointing to the picture that matched the sentence immediately
after the completion of the sentence presentation. During the
training periods (described below), subjects were instructed that
sentences could not be re-presented; they also were coached to
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' matching picture

“The man that the
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boy pushes is
wearing a red
shirt.”
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“ba da ga da...ba da ga da” or finger tapping sequence

Figure 1| Schematic of behavioral task paradigm with SOAP stimuli (Love and Oster, 2002). Note that the concurrent task condition was employed during
both the initial perception and processing of the sentence, as well as during the post-processing matching task.
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respond immediately after the sentence presentation. Responses
were recorded by the experimenter.

In the sequential finger-tapping condition, subjects placed
their right hand on a table adjacent to the computer monitor.
They were instructed to continuously tap their fingers on the
table in the digit pattern of: [123 455432 1] (with 1 being the
thumb, 2 the index finger, etc.). This task was intended to serve
as a baseline to control for the effects of performing a secondary
task during sentence comprehension.

The (speech) articulatory suppression condition involved
whispering (to avoid auditory-input interference) a sequence of
consonant-vowel combinations. Specifically, subjects continu-
ously whispered the CV sequence “ba da ga da.” Subjects were
monitored closely in both task conditions to ensure that they were
continuing the secondary task throughout the auditory presenta-
tion of the sentence, and during the picture-matching process.

Each subject completed the SOAP comprehension test for
each secondary task condition. The order of the task conditions
was counterbalanced across subjects, and the sentences were
presented in a randomized order to each subject. Responses
were coded by type of error (correct, semantically reversed error,
unrelated error) and sentence type.

Subjects were trained on the corresponding concurrent task
immediately prior to each condition. Training was considered to
be complete when the subject was able to perform the secondary
task correctly, while successfully completing five consecutive sen-
tence-picture matching trials containing simple, active sentences.

RESULTS

A 2 X 4 repeated measures ANOVA was calculated to compare
the number of comprehension errors during articulation and
during the finger-tapping sequence task for the four sentence
types. (All but two errors (i.e. 99.5% of errors) made by all sub-
jects involved selecting pictures with thematic roles reversed.
All errors were included in the subsequent analyses.) Main
effects for both secondary task condition (F(1,54)=11.73,
p<0.0001) and sentence type (F(3,54) = 69.38, p <0.0005)
were found, but an interaction was also present, F(3,52) = 8.45,
p <0.0001. Paired sample t-tests revealed that the interaction
reflects a significant difference between articulatory suppression
(M =2.96) and the finger-tapping sequence task (M =1.95)
during the comprehension of the most complex sentence type,
object-relative clause sentences, #(54) = 3.96, p < 0.0001. No
significant differences between suppression types were found
in the active, passive, and subject-relative clause sentences
(Figure 2). A significant difference between the object-relative
clause sentences and each of the other sentence types, within
each task condition (Table 1), also contributed to the interac-
tion effect noted above.

DISCUSSION

Experiment 1 investigated the effects of suppressing articula-
tory rehearsal during sentence comprehension. We found that
concurrent articulation significantly reduces the ability to com-
prehend object-relative clause sentences compared to compre-
hension during a manual sequencing task and compared to all
other sentence types studied here.

Our finding that object-relative clause sentences were more
difficult to comprehend than all the other sentence types, during
both concurrent tasks, mirrors previous studies that indicate that
object-relative sentences are more difficult for subjects to com-
prehend than subject-relative, active, and passive sentences even

Effect of Concurrent Task on Sentence
Comprehension

3.5

g 37 M articulation

5297 finger-tapping

5 2]

** 1.5 1

S

g 17

=02 B0 mt

0 - . . . ;
object- subject- passive active
relative relative
Sentence Type

Figure 2 | Mean comprehension performance as a function of sentence
type and concurrent task. Note that during each concurrent task, 10 of each
sentence type were presented. Error bars represent 95% confidence intervals.

Table 1 | Summary of paired sample t-tests comparing object-relative
sentence comprehension with that of the other three sentence types
during articulation and finger-tapping task, respectively.

Concurrent Task Comparison t-Value (df = 54) p-Value
Articulation ORvs. SR 8.98 <0.0001
OR vs. passive 9.08 <0.0001
OR vs. active 9.56 <0.0001
Finger-Tapping ORvs. SR 6.24 <0.0001
OR vs. passive 5.76 <0.0001
OR vs. active 6.51 <0.0001

A Bonferroni correction for multiple comparisons was implemented, controlling
o, =0.05 (ocpc = 0.0167). All comparisons were significant.

without a secondary task (Love and Oster, 2002). Lesion evidence
suggests that the additional resources engaged in processing
object-relative clause sentences are supported by regions includ-
ing Broca’s area: some patients with inferior frontal damage have
more difficulty comprehending semantically reversible object-
relative clause sentences than semantically reversible subject-
relative clause sentences or active-voice sentences (Bradley et al.,
1980; Caramazza and Zurif, 1976). The lack of an interference
effect for passive voice sentences in our study is consistent with
lesion data suggesting that performance on passive sentences is
often better than that for object relative clauses sentences, despite
the fact that both involve non-canonical word order (Berndt
etal., 1996).

The fact that object-relative clause sentences were the only
sentence type for which concurrent articulation decreased
comprehension more than the manual sequencing task
supports the hypothesis that verbal working memory, and the
articulatory rehearsal component in particular, can help sup-
port the processing of high load sentences. Also, this result
provides indirect evidence that Broca’s area is contributing
to sentence processing via articulatory rehearsal as previous
studies have found that portions of Broca’s area support both
speech articulation (including during articulatory rehearsal)
(Buchsbaum et al., 2001; Hickok et al., 2003; Jonides et al.,
1997; Postle et al., 2001; Smith and Jonides, 1997; Smith et al.,
1998) and the processing of high-load sentences relative to
lower-load sentences (Caplan et al., 2008; Fiebach et al., 2005;
Stromswold et al., 1996).
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The goal of experiment 2 was to determine the neural basis
of these effects. Specifically, to determine to what extent the dif-
ference in Broca’s area activity during the comprehension of
sentences with object-relative clauses and that during subject-
relative clause sentences can be accounted for by articulatory
rehearsal.

EXPERIMENT 2: fMRI INVESTIGATION OF THE
CONTRIBUTIONS OF BROCA’S AREA TO SENTENCE
PROCESSING

METHODS

Participants

Fifteen right-handed native English-speaking subjects participated
in this fMRI experiment (nine female, age range 18-23 years,
mean = 20.2). All participants were free of neurological disease
(self report) and gave informed consent under a protocol approved
by the Institutional Review Board of the University of California,
Irvine.

Experiment design

We conducted a 2x3 fMRI experiment. Expanding upon
Caplan et als previous studies, subjects were asked to determine
the plausibility of subject-relative and object-relative sentences
(1) in the absence of a secondary task, (ii) during concurrent
speech articulation, and (iii) during performance of a finger-
tapping sequence task. The plausibility judgments involved
detecting sentences that were semantically implausible (see the
next section below for a description of the sentences). Responses
were made via a button press. The concurrent tasks were the
same as those used in the behavioral Experiment 1 described
above. Measures were taken to minimize arm movement during
finger-tapping (which was completed by pressing the buttons of
a button box so that they could be monitored and recorded),
and the articulations of the CV sequence were “low-amplitude”
whispering: subjects were asked to minimize their mouth
movements during articulation.

Subjects participated in 95-min scanning runs. Each run
consisted of 10 trials. Each trial consisted of a 20-s task block
(in which subjects were cued to articulate, perform the finger-
tapping sequence, or do nothing) followed by a 10-s rest period.
There were 30 trials for each task condition (15 included the
presentation of object-relative sentences, and 15 included the
presentation of subject-relative sentences).

Subjects were cued to begin the speech articulation task by
the visual presentation of a line-drawing of a mouth, which
flickered at 2 Hz to pace the subjects’ rehearsal (thus two CVs
per second). Likewise, subjects were cued to begin the finger-
tapping sequence by a line drawing of a hand, which also flick-
ered at 2 Hz to pace the subjects’ tapping (thus two finger taps
per second). The corresponding picture continued to flicker
during the presentation of the sentence, while the subject was
making the plausibility judgment, and then for the remainder
of the 20-s trial. During trials that did not include a concurrent
task, a fixation cross was presented. The time between begin-
ning the concurrent task and the presentation of the sentence
was randomized within each 20-s task block, with the restriction
that the onset of a sentence was never presented earlier than 5 s
into the task block, and no later than 5 s before the end of the
block. Trial order was randomized for each subject.

Immediately prior to scanning, subjects were trained on
both concurrent tasks and the semantic plausibility judgments

Broca’s area and sentence comprehension

separately,and then participated in one “simulated” run, which was
similar to the runs that would be conducted during scanning.

Sentence stimuli

Sentences were recorded by a male speaker and edited using
Audacity sound-editing software. Sentences were presented to the
subjects binaurally during scanning via Resonance Technology
Inc. MR-compatible digital audio system and headphones (www.
mrivideo.com). Sentences were presented at a comfortable (and
audible during scanning) listening level.

Ninety sentences were presented (30 in each task condition),
half contained an object-relative clause, and half contained a
subject-relative clause. The average duration of sentences was
3.1 s (range = 2.8-3.4 s). Sentences were generated in pairs, with
each pair containing an object-relative sentence and a subject-
relative sentence that were matched in word length and agent/
object relationship, for example:

Object Relative: The money that the robber stole was in the
bank vault.

Subject Relative: The robber that stole the money was in the
bank vault.

Six object-relative and six subject-relative clause sentences
were modified to be semantically implausible. These sentences
were rendered implausible due to thematic role incompatibility,
for example:

Object Relative: #The robber that the money stole was in the
bank vault.

Subject Relative: #The money that stole the robber was in the
bank vault.

These semantically implausible sentences, distributed evenly
throughout the trials of the three task conditions, were used to
ensure that subjects were staying on task. Data from implausible
sentences were not included in the fMRI analysis.

fMRI data acquisition & processing

Scanning was conducted at the 3 T MRI scanner at the UCI
Research Imaging Center. A high-resolution anatomical image
was acquired, in the axial plane, with a 3D SPGR pulse sequence
for each subject: FOV =250 mm, TR = 13 ms, flip angle = 20°,
voxel size=1mm X1 mm X1 mm. Whole-brain functional
MRI data was collected using echo-planar imaging, in the axial
plane, using interleaved slice acquisition: SENSE factor = 1.5,
FOV =250 mm, TR =2, TE =40 ms, flip angle = 90°, voxel
size =1.95 mm X 1.95 mm X 5 mm (i.e. 5 mm slice thickness, no
gap between slices). Nine functional scanning runs were com-
pleted for each subject, 150 volumes collected per run. MRIcro
(Rorden and Brett, 2000) was used to reconstruct the high-
resolution structural image, and an in-house Matlab program
was used to reconstruct the echo-planar images. Functional
volumes were aligned to the sixth volume in the series using a
6-parameter rigid-body model to correct for subject motion (Cox
and Jesmanowicz, 1999). Each volume then was spatially filtered
(FWHM = 8 mm) to better accommodate group analysis.

fMRI data analysis

The software package Analysis of Functional Neurolmages
(AFNI) (http://afni.nimh.nih.gov/afni) was used to perform a
multiple regression analysis to examine the response properties
of sentence processing regions, including Broca’s area, as a func-
tion of syntactic complexity and concurrent task. Regressors
for each sentence type during each concurrent task (as well as

www.frontiersin.org



Rogalsky et al.

for each sentence type in the null task trials) were constructed,
and convolved with a standard hemodynamic response func-
tion to create predictor variables for analysis (Cox and Hyde,
1997). In addition, regressors for the periods before and after
sentence presentation (during which tapping, articulation, or no
task were being performed) were included to be able to iden-
tify regions recruited by the “concurrent” task conditions, in the
absence of sentence presentation. An F-statistic was calculated
for each voxel, and activation maps were created for each subject
to identify regions that were more active while listening to each
sentence type during each task condition compared to baseline
scanner noise. The statistical maps for each subject were trans-
formed into standardized space (Talairach and Tournoux, 1988)
and resampled into 2 X 2 X 2 mm voxels. This transformation
was performed using AFNI’s “adwarp” program to transform
the functional maps to be aligned to each subject’s anatomi-
cal MRI dataset that was in standardized space: the anatomical
dataset for each subject was transformed into Talairach space by
manually identifying the AC-PC plane and anatomical bounda-
ries in each subject, and then scaling each brain to the Talairach-
Tourneaux atlas brain in AFNL

As reviewed in the introduction, previous studies have found
(i) that portions of Broca’s area are more active during the presen-
tation of syntactically complex sentences than simple sentences,
and (ii) a portion of Broca’s area exhibits this complexity effect
during articulatory suppression. Our analysis strategy, therefore,
was to identify regions modulated by syntactic complexity in
the absence of a secondary task, and then compare these regions
with those modulated by complexity during the secondary tasks.
To this end, voxel-wise repeated-measures t-tests (using AFNI’s
“3drtest”) were performed to identify voxels more active dur-
ing the presentation of plausible object-relative clause sentences
than during the presentation of plausible subject-relative clause
sentences during each of the three concurrent task conditions
across subjects.

fMRI RESULTS

Behavioral results during scanning

Our goal in this fMRI experiment was to examine the neural
response during the comprehension of normal (i.e., plausible)
sentences under different secondary task conditions. For this
reason, we included only a small number of semantically implau-
sible sentences to which subjects were asked to respond. These
“catch trials” were used to ensure that subjects remained attentive
and were comprehending the sentences during scanning. Thus,
the overt behavioral task in this fMRI study was not designed to
provide statistically robust behavioral data. Nonetheless, it is pos-
sible to examine the behavior responses in the scanner to deter-
mine whether a similar pattern of results holds in the fMRI study
compared to the purely behavioral Experiment 1.

In the fMRI study, accurate performance on the semantic
plausibility task required subjects to press a button if they heard
an implausible sentence and to withhold from pressing any but-
ton (i.e., make no response) if they heard a plausible sentence.
A subject’s overall error rate on this task could be influenced by
response bias. Thus, performance on the semantic plausibility task
was determined by using signal detection methods to estimate
each subject’s ability to discriminate targets (semantically implau-
sible sentences) from non-targets (plausible sentences), corrected
for response bias. Specifically, using each subject’s proportion of
hits (pressing a button after the presentation of an implausible
sentence) and false alarms (incorrectly pressing a button after

the presentation of a plausible sentence) we calculated d statis-
tics separately for each sentence type during each task condition.
We then calculated corresponding a” statistics, which provide an
estimate of proportion correct corrected for response bias (Grier,
1971). Because a’ values are more readily interpretable, the analy-
ses reported here primarily use these a’ values.

Behavioral results in the scanner were consistent with behav-
ioral results from Experiment 1. Sentence comprehension per-
formance in the absence of a secondary task was quite good
(>90%) and similar for OR and SR sentences. As predicted by the
behavioral study reported above, the largest difference between
plausibility judgment performance of object-relative clause and
subject-relative clause sentences was seen during concurrent
speech articulation (Figure 3). Paired-sample one-tailed t-tests
were calculated for the difference in performance (as represented
by mean a’ values) between sentence types during each task con-
dition. The difference of judgment performance between the
two sentence types during concurrent articulation was signifi-
cant: #(14) = 2.31, p = 0.03. Differences between judgment per-
formance for the two sentence types during the finger-tapping
sequence, as well as in the absence of a concurrent task were not
significant, although there was a trend for OR sentences to lead
to more errors during the finger tapping task than SR sentences,
as expected from Experiment 1 (Table 2).

Semantic Plausiblity Judgement Performance
During Scanning

M articulation finger-tapping [ no task

0.9 - * ¥
0.8 -
0.7 -
0.6 -
0.5 -
0.4 -
0.3 -
0.2 -
0.1 -

Mean a’

object-relative subject-relative

Sentence Type

Figure 3 | Plausibility judgment performance for each sentence type in
each concurrent task condition. Mean a’ values across subjects for each
sentence type in each task condition are depicted. Error bars represent 95%
confidence intervals.

Table 2 | Summary of paired sample t-tests comparing plausibility judg-
ment performance (a’ values averaged across subjects) for object-relative
sentences and for subject-relative sentences during each concurrent task
condition, as well as pair-wise comparisons for performance on each sen-
tence type across concurrent task conditions.

Concurrent Task OR mean a’ SR mean a’ tlp
Articulation 0.787 0.854 2.31/0.03
Finger-Tapping 0.879 0.904 1.79/0.09
No Concurrent Task 0.919 0.925 1.45/0.16
Sentence Type Artic vs. None Artic vs. Tap Tap vs None
Object-Relative 4.40/0.0003 2.53/0.012 3.09/0.004
Subject-Relative 3.79/0.001 3.23/0.003 1.35/0.10
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fMRI results

We expected that the two secondary tasks themselves, speech
articulation and finger tapping, would activate at least partially
distinct networks given that they had differential effects on sen-
tence comprehension in Experiment 1. Although this was not a
focus of our study, for descriptive purposes, Figure 4 presents
activation maps associated with speech articulation alone, fin-
ger tapping alone, and regions of overlap (conjunction) between
these two tasks. This analysis indeed indicated that the two sec-
ondary tasks activated non-identical networks.

Voxel-wise paired sample ¢-tests identified regions that were
more active during the plausible object-relative clause sentences
than the plausible subject-relative clause sentences across sub-
jects during (i) no secondary task, (ii) concurrent speech articu-
lation, and (iii) concurrently performing the finger-tapping
sequence task. Plausible sentences were defined as sentences that
did not contain a thematic role compatibility error and were
identified as plausible by the subject. Only responses to plausible
sentences thus defined were analyzed; all results reported below
are from this set of plausible sentences.

In the absence of a secondary task, two distinct voxel clusters
in Broca’s area responded more during the perception of object-
relative sentences than subject-relative sentences (p < 0.005):
a portion of the pars triangularis (—41 38 14), and a portion
of the pars triangularis (=42 13 23) (Figure 5A and Table 3).
Additional clusters (setting a minimum cluster threshold at

Broca’s area and sentence comprehension

5 contiguous voxels) demonstrating this object-relative versus
subject-relative sentence preference were found in the right
inferior frontal gyrus (57 16 20), as well as in the left middle
frontal gyrus, left pre-central gyrus, and left superior temporal
gyrus (Table 3). A conjunction map of voxels responding more
to the object-relative sentences than to the subject-relative sen-
tences (p < 0.005) with no secondary task and the voxels active
during articulation alone (p < 0.005) indicates that the left pars
opercularis region demonstrating the complexity effect (in the
absence of a secondary task), is also involved in speech articula-
tion (Figure 6).

Many of the areas demonstrating a difference in activation
between the object-relative and subject-relative sentences in the
no-secondary-task condition did not exhibit this difference dur-
ing concurrent articulation: only one sub-region of Broca’s area,
in the pars triangularis (—41 33 9), responded more during the
object-relative clause sentences than during the subject-relative
clause sentences (p <0.005) during concurrent articulation
(Figure 5B and Table 3). It is notable that the pars triangula-
ris region’s preferential response to object-relative clause versus
subject-relative clause sentences without a secondary task was
not present during concurrent articulation even at a more lib-
eral threshold (p =0.10) (Table4). A sub-region in the right
inferior frontal gyrus also responded more to the object-relative
clause than subject-relative clause sentences during articulation
(pars orbitalis, 37 27 —9), as well as clusters in the right superior

Regions Active During Tasks Alone (i.e. Without Sentence Presentation)

Left Hemisphere

. during articulation task

during both task

. during finger-tapping task

Figure 4 | Regions active across subjects during the performance of both tasks and each task, respectively, in the absence of sentence presentation,

compared to rest (p < 0.005).
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Object-Relative Clause Sentences > Subject-Relative Clause Sentences

A No Secondary Task:

pars
triangularis
(41 38 14)

pars
triangularis
(-41339)

pars
opercularis
(-43 13 21)

pars
opercularis
(-42 13 23)

Figure 5 | Left inferior frontal voxel clusters more active during the presentation of object-relative clause sentences than subject-relative clause
sentences (p < 0.005). Clusters shown are those meeting these criteria while subjects were performing (4) no secondary task, (B) articulation, or (C) a finger-

tapping task. Talairach coordinates for peak activity in each cluster are listed.

temporal gyrus, and a region in the vicinity of the left claustrum
(Table 3).

During the finger-tapping task condition, much of the acti-
vation found in the no-secondary-task condition was again not
evident, and again only a sub-region of Broca’s area remained

activated in the object-relative minus subject-relative contrast.
This sub-region differed from that found in the speech articula-
tion condition, however. During concurrent finger tapping, the
object-relative minus subject-relative contrast yielded a focus
of activation (p <0.005) in the pars opercularis (—43 13 21)
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Table 3 | Peak ¢-values and talairach coordinates for these peaks (as well as approximate region based on these coordinates) for all voxel clusters
that passed threshold (p < 0.005) for the OR versus SR sentence contrast in each condition, averaged across trials and subjects.

OR sentences > SR sentences Region Peak t-score in Cluster
t-Value x y z
With No Secondary Task L IFG 6.82 —41 38 14
LIFG 5.37 —42 13 23
L STG 4.56 56 =37 19
L PCG 5.21 -54 4 31
L MFG 5.69 -39 32 32
L MFG 5.22 -32 56 19
RIFG 6.15 47 16 20
During Articulation Task L IFG 4.36 —41 33 9
L claustrum 4.46 -29 7 -2
RIFG 4.23 37 27 -9
R STG 3.89 46 -32 12
During Finger-Tapping Task LIFG 4.1 —43 13 21
L IFG 6.38 =31 27 -5
L STG 4.82 —55 —44 17
L insula 6.25 -34 18 12
L claustrum 6.18 -34 -9 0
R insula 4.59 41 12 -5

IFG, Inferior frontal gyrus; STG, superior temporal gyrus; PCG, pre-central gyrus; MFG, middle frontal gyrus.

Overlap of Regions Active During Articulation Alone
& To OR > SR During No Secondary Task

Figure 6 | Conjunction of regions active during articulation alone (p < 0.005) and regions more active during object-relative than subject-relative
sentences during no secondary task (p < 0.005). The crosshairs converge on the largest voxel meeting these criteria (left pars opercularis, —42 12 25).

Table 4 | Peak t-test statistics/p-values for the OR versus SR sentence
contrast in each condition for the clusters in Broca’s area identified as more
active for OR than SR sentences in the absence of a concurrent task.

OR > SR Regions with no Secondary Task

OR sentences > L pars triangularis L pars opercularis

SR sentences (-413814) (4213 23)
With no secondary task 6.82/0.0001 5.37/0.0007
During articulation 4.36/0.0009 1.72/0.110
During finger-tapping task 1.24/0.246 4.10/0.002

(Figure 5C, Table 3). This cluster’s location and extent is almost
identical to the left pars opercularis region found in the object-
relative vs subject-relative contrast during no secondary task. The
left pars triangularis region that demonstrated an object-relative

sentence preference in the absence of a secondary task did not
approach threshold for the contrast during finger-tapping
(p>0.10) (Table4). Other clusters passing threshold for the
object-relative clause versus subject-relative clause sentence
contrast during finger-tapping were found in the left superior
temporal gyrus, the left claustrum, and bilaterally in the insula
(Table 3).

Figure 7 shows mean peak amplitude plots for all conditions
within the pars opercularis and pars orbitalis regions identified
intheabove analyses (i.e.,the ROIsshown in Figure 5). Although
the pars opercularis and pars triangularis regions identified by
the OR > SR contrast during no concurrent task are not the
exact same voxels identified by the contrasts during concurrent
articulation and finger-tapping, respectively, comparing the
mean peak amplitudes for the clusters (i.e. comparing the left
and right sides of Figure 7) reveals that they have very similar
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A Pars Opercularis Clusters
1- OR > SR w/ no secondary task: OR > SR during finger-tapping:
(-42 13 23) (-43 13 21)
0.9 1 0.9 1
] 0.8 1
o, 08 % _I_
© 0.7 1 0.7 1
g 0.6- 0.6
E 0.5 1 0.5-
© 0.4+ 0.4 1
(]
© 0.3 0.3 1
0.2 1 0.2 -
0.1 0.1
0 T T T T T T T T T T O T T T T T T T T T T
no task during during finger- no task during during finger-
articulation task tapping task articulation task tapping task
B Pars Triangularis Clusters
OR > SR w/ no secondary task: OR > SR during articulation:
1 (-41 38 14) (-41339)
0.9 17
o 08 0.9
o 0.8
c 0.7 1
8 0.6 - 0.7 1
o 0'5 | 0.6 1
g : 0.5-
2 0.4 0.4
x 0.31 0.3
0.2 1 0.2
0.1 1 0.1 |{_|
0 T T T T T T T T 0 . T T T T T T T T T + 1
-0.1 -0.1 1 If
- 0.2
02 no task during during finger- no task during during finger-
articulation task tapping task articulation task tapping task

. object-relative

I:I subject-relative

I:I task only

Figure 7 | Mean peak amplitudes of the left pars opercularis (4) and left pars triangularis (B) regions more active during the perception of object-
relative sentences than during subject-relative sentences (p < 0.005) in the absence of a secondary task, or during one of the concurrent tasks,
averaged across trials and subjects. Mean peak amplitudes of each cluster are shown for each sentence type presented during each task condition, as well
as for just articulation and finger-tapping alone. Error bars represent 95% confidence intervals. The Talairach coordinates of each cluster’s peak are given, and

correspond to the contrast maps in Figure 5.

response properties. Considering the pars opercularis first, it is
clear that speech articulation alone activates this region, and
does so equally as well as the OR sentences with no concurrent
task. Processing OR sentences during speech articulation does
not increase activation levels over articulation or OR sentence
comprehension alone. However, adding speech articulation to
SR sentence comprehension does increase activation levels pre-
sumably reflecting a saturation of this region’s activity due to
the articulation task, as expected. Finally, speech articulation
alone produces substantially more activation than performing
the finger tapping task alone; finger tapping appears to have no
effect on the activation levels in the pars opercularis associated
with OR or SR sentence processing. In short, this pattern of
results is consistent with the view that activation in this region
is driven primarily by speech articulation: activation is maximal

during articulation whether sentences are being processed or
not (middle set of bars in Figure 7), or during the processing
of high load sentences that draw on articulatory rehearsal (OR
sentences in left and right sets of bars in Figure 7).

Although the pars opercularis and pars triangularis respond
similarly during sentence comprehension in the absence of a
secondary task, these two portions of Broca’s area respond quite
differently when a secondary task is introduced. Unlike the pars
opercularis, in the pars triangularis, speech articulation alone
produces little activation relative to both OR sentences and even
SR sentences, and adding speech articulation to sentence process-
ing does not modulate neural activity at all. Adding a sequential
finger-tapping task to sentence processing does modulate neural
activity in this region: despite the fact that the finger-tapping
task alone yields no activation in the pars triangularis, adding
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the task nonetheless leads to a reduction in amplitude to the OR
sentences such that there is no longer a difference between OR
and SR sentences.

Thus, the secondary tasks both eliminate a (different) portion
of the OR minus SR activation in Broca’s area, but in different
ways. Speech articulation eliminates the OR-SR activation in the
pars opercularis by increasing activation in the SR sentence condi-
tion, presumably because articulation saturates activity, whereas
finger tapping eliminates the OR-SR activation in the pars trian-
gularis by decreasing activation in the OR sentence condition.

DISCUSSION
The present study investigated the nature of the contributions
of Broca’s area to sentence processing by comparing the effects
of syntactic complexity under three conditions: (i) a baseline
condition with no secondary task, (ii) during a concurrent
speech articulation task, and (iii) during a concurrent finger-
tapping sequence task. Consistent with previous research (e.g.
Caplan et al., 2000, 2008; Fiebach et al., 2005; Stromswold et al.,
1996), in the baseline condition, we found a “sentence complex-
ity effect” (greater activation for sentences with object relatives
than subject relatives) in Broca’s area (pars opercularis and pars
triangularis). During the concurrent speech articulation condi-
tion, only a portion of the pars triangularis showed a sentence
complexity effect suggesting that the complexity effect found in
other regions, the pars opercularis in particular, is attributable to
the articulatory rehearsal mechanism of verbal working memory.
Specifically, this finding is consistent with the following claims:
Under high processing load conditions, such as sentences with
object-extracted relative clauses, verbal working memory can
be recruited to assist comprehension. This is reflected by greater
brain activity in regions supporting verbal working memory
(such as the pars opercularis) under high load conditions. When
the contributions of verbal working memory are reduced via
articulatory suppression, comprehension performance declines
(Experiment 1 and behavioral data from Experiment 2), and
brain regions supporting articulatory rehearsal (pars opercu-
laris) are no longer modulated by sentence complexity because
activity in these regions is saturated by the secondary articula-
tory task (fMRI data from Experiment 2). Put differently, this
interpretation holds that the articulatory rehearsal mechanism
is driving the sentence complexity effect in the pars opercularis
because (i) complex sentences recruits verbal working memory
more than less complex sentences, and (ii) the pars opercularis
supports the articulatory rehearsal component of verbal working
memory. By adding a secondary speech articulation task, which
should maximally drive articulatory rehearsal and therefore the
pars opercularis, the sentence complexity effect should be elimi-
nated via a raising of activity levels during the simpler sentences
to equal that of the complex sentences. This is precisely the pat-
tern we observed. Furthermore, notice that adding a secondary
task to the comprehension of complex sentences did not produce
an increase in pars opercularis activity levels. This makes sense
if processing complex sentences and performing articulatory
rehearsal are tapping into the same pars opercularis resources.
The claim that the pars opercularis supports a verbal working
memory contribution to sentence processing further predicts
that the pars opercularis should show a sentence complex-
ity effect during a secondary task that does not involve verbal
working memory, even if such a task results in a comprehen-
sion performance decrement. This is precisely what we found in
the secondary finger-tapping task: performance declined during

Broca’s area and sentence comprehension

finger-tapping relative to no-secondary-task (Experiment 1,
and marginally significant behavioral effect in Experiment 2),
yet the pars opercularis still showed a sentence complexity
effect. We therefore suggest that the pars opercularis contrib-
utes to sentence comprehension via its role in the articulatory
rehearsal component of verbal working memory. This contrasts
with Fiebach etal’s (2005) position that the pars opercularis’
response to syntactic complexity is because this area is critical
for syntactic-specific working memory (i.e., a mechanism for
holding syntactic information while new syntactic structures are
being processed and integrated with the previous information).

Of the regions that showed a sentence complexity effect dur-
ing the no-secondary-task condition, one area, a focus in the pars
triangularis, continued to show a complexity effect even during
the secondary speech articulation task. This is consistent with the
findings of Caplan et al. (2000) who report a sentence complex-
ity effect in a similar region during articulatory suppression. It is
unclear what functional role this region may be playing in sen-
tence comprehension. Because the complexity effect found in the
pars triangularis was not evident in our study during concurrent
finger tapping, one might be tempted to suggest that the region
supports some form of domain general sequence processing that
might be useful for syntactic operations. According to such a
view, under conditions of concurrent finger tapping this resource
would be less available for sentence comprehension. This would
be broadly consistent with recent imaging studies that have found
that inferior frontal regions, including the pars triangularis, dem-
onstrate an increase in activity when subjects observe or imagine
performing goal-directed movement sequences, detect musical
sequences, or process sequences of events (Koelsch et al., 2002;
Schubotz and von Cramon, 2002, 2004). In addition, patients
with lesions to this region have significant deficits in sequence
prediction tasks compared to identification tasks, and compared
to patients with prefrontal or parietal lesions (Schubotz et al,,
2004). However, the finger-tapping task alone did not produce
activation in the pars triangularis, nor did it yield an increase
in activation in that region when performed concurrently with
sentence comprehension (Figures 4 and 5). For this reason, it
seems unlikely that the pars triangularis contributes to sentence
comprehension via a sequence processing mechanism. Further
research is clearly needed to understanding the functional role of
the pars triangularis in sentence processing.

Caplan et al. (2008) suggest that the left IFG, generally, sup-
ports sentence processing via two possible functions: rehearsal
and thematic role checking (i.e. evaluating various thematic role
assignment possibilities). These authors further point out that
evaluating various thematic role possibilities is similar to another
proposed function of the inferior frontal gyrus, namely select-
ing a response from a set of alternatives (Kan and Thompson-
Schill, 2004; Novick et al., 2005). Our findings support the claim
of a rehearsal function, and specify that the pars opercularis is
particularly involved in this respect. It is possible that our pars
triangularis location contributes to sentence processing via
operations involved in response selection, although it is not
clear why the performance of a finger-tapping task (but not a
speech articulation task) should decrease activity for more com-
plex sentences in this area.

CONCLUSION

Findings from our first experiment indicate that the articulatory
rehearsal component of verbal working memory contributes to
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sentence comprehension. In particular, this mechanism appears
to facilitate comprehension of high-load sentences, such as those
containing semantically reversible object-extracted relative
clauses. Our fMRI results identified the pars opercularis portion
of Broca’s area as an important region in this respect. The pars
triangularis portion of Broca’s area also may contribute to sen-
tence comprehension, but in a different manner. The nature of
the pars triangularis’ contribution to sentence comprehension
requires further study, but one possibility is that it plays a role in
selecting from various thematic role relation possibilities associ-
ated within a sentence (Caplan et al., 2008).
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