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Dissociating Linguistic Processes in the Left Inferior Frontal
Cortex with Transcranial Magnetic Stimulation
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Is the left inferior frontal cortex (LIFC) a single functional region, or can it be subdivided into distinct areas that contribute differently to
word processing? Here we used transcranial magnetic stimulation (TMS) to investigate anterior and posterior LIFC when the meaning
and sound of words were being processed. Relative to no stimulation, TMS of the anterior LIFC selectively increased response latencies
when participants focused on the meaning of simultaneously presented words (i.e., synonym judgments) but not when they focused on
the sound pattern of the words (i.e., homophone judgments). In contrast, the opposite dissociation was observed in the posterior LIFC,
where stimulation selectively interfered with the phonological but not the semantic task. This double dissociation shows functionally
distinct subdivisions of the LIFC that can be understood in terms of separable corticocortical connections linking the anterior LIFC to
temporal pole regions associated with semantic memory and the posterior LIFC to temporoparietal regions involved in auditory speech

processing.

Key words: TMS; language; semantics; phonology; frontotemporal connections; Broca’s area

Introduction

Historically, Broca’s area has been viewed as the element of the
language circuit responsible for speech production (Broca, 1861;
Geschwind, 1967), although more recent studies have revealed its
role in multiple aspects of comprehension as well (Zurif et al.,
1972; Hagoort et al., 2004). More generally, Broca’s area is only
part of the larger left inferior frontal cortex (LIFC) region, which
is commonly engaged in language paradigms. What is not yet
clear is whether the region as a whole is commonly engaged by
linguistic tasks or whether different elements of language pro-
cessing such as syntax, semantics, and phonology engage separate
subregions. A consensus has begun to emerge that within the
LIFC there is a rostrocaudal division of labor for semantic and
phonological processing (Buckner et al., 1995; Fiez, 1997); that is,
tasks that focus on the meaning of words (i.e., semantics) engage
the anterior and ventral parts of the LIFC, including the pars
orbitalis and pars triangularis (Petersen et al., 1989; Demonet et
al., 1992; Kapur et al., 1994), whereas those that focus on the
sound pattern of words (i.e., phonology) engage more posterior
and dorsal LIFC regions, such as the pars opercularis and ventral
premotor cortex (Demonet et al., 1992; Zatorre et al., 1992; Rum-
sey et al., 1997). The actual evidence in support of this claim,
however, remains equivocal. Some direct comparisons of seman-
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tic and phonological processing found significant differences
within the LIFC (Poldrack et al., 1999; McDermott et al., 2003;
Gitelman et al., 2005), whereas others found differences only at a
lenient statistical threshold (Price et al., 1997; Otten and Rugg,
2001; Roskies et al., 2001) or not at all (Demonet et al., 1992). In
addition, several recent studies have explicitly shown common
LIFC activations (Barde and Thompson-Schill, 2002; Gold and
Buckner, 2002; Devlin et al., 2003). These findings offer two pos-
sible interpretations. Semantic and phonological tasks may re-
quire both anterior and posterior LIFC involvement, but to dif-
ferent extents, or there may be a true rostrocaudal division
between semantic and phonological processing that is masked by
automatic processing of task-irrelevant information. For exam-
ple, even if a task requires only semantic information (and thus
engages the anterior LIFC), skilled readers will automatically ac-
cess phonological information as well (engaging the posterior
LIFC), although it is not required to perform the task (Van Orden
et al., 1988; MacLeod, 1991; Price et al., 1996). Here we used
transcranial magnetic stimulation (TMS) to differentiate be-
tween these competing hypotheses.

Materials and Methods

TMS uses a rapidly changing current within a conducting coil to induce
a strong, but relatively focal, magnetic field. When placed on the scalp,
the magnetic field induces a physiological response (i.e., depolarization,
spiking, or both) in the underlying neural tissue (Barker etal., 1985). This
introduces transient noise into the neural computation being performed,
and when the tissue is required to perform a task, this can lead to longer
reaction times (RTs) or even errors (Walsh and Cowey, 2000). For in-
stance, stimulation of the anterior LIFC increased RTs relative to no
stimulation when subjects focused on the meaning of a visually presented
word (Devlin et al., 2003; Kohler et al., 2004). In contrast, stimulation
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had no effect when subjects attended to visual properties of the word on
the screen. Similarly, stimulation of the posterior LIFC selectively in-
creased errors in a phonological, but not a visual, working memory task
(Nixon et al., 2004). These results confirm that the LIFC is necessary for
semantic and phonological judgments but cannot differentiate between
the competing hypotheses regarding LIFC organization because they are
predicted by both.

This study tested for a double dissociation of semantic and phonolog-
ical processing within the LIFC. Participants performed two tasks that
involved equivalent stimulus presentation and responses. In both, par-
ticipants made judgments about pairs of words presented simultaneous-
ly; only the nature of the comparison differed. During the semantic task,
they decided whether the words meant the same thing (i.e., were syn-
onyms). During the phonological task, they decided whether the words
sounded exactly alike (i.e., were homophones). Each participant com-
pleted both tasks, with and without stimulation of the anterior and pos-
terior LIFC, in a fully balanced, within-subject, two-by-two-by-two de-
sign (task by site by stimulation). If the LIFC exhibited a rostrocaudal
division of labor, then this would predict a three-way interaction, during
which stimulation of the anterior LIFC interferes with performance on
the semantic but not the phonological task, whereas stimulation of the
posterior LIFC interferes with performance on the phonological but not
the semantic task. However, if both regions of the LIFC were required for
the semantic and phonological tasks, then this would predict a main
effect of TMS, indicating that stimulation in either region interfered with
performance across tasks. To rule out the possibility of nonspecific TMS
effects, an additional control task was included that was not expected to
be affected by LIFC stimulation. In this task, participants decided
whether two meaningless strings of letters were identical.

Participants. Eleven adults (six women, five men; age range, 19-29
years) participated in the main experiment. All were right-handed, native
British English speakers without a personal or family history of epilepsy
or other neurological conditions. Each gave informed consent after the
experimental procedure was explained. Testing sessions lasted ~1.5 h,
and subjects were paid for their participation after each session. The
experiment was approved by the Local Research Ethics Committee.

Localization procedure. Each volunteer participated in two separate
sessions, separated by at least 6 d. Within a session, either the anterior or
the posterior LIFC was tested, with the order counterbalanced over par-
ticipants. A session began when an initial test site was chosen on the basis
of either frameless stereotaxy (when available) or scalp measurements.

Four participants had an anatomical magnetic resonance imaging
(MRI) scan (Turbo-fast low-angle shot sequence; T1-weighted; B, = 3T;
repetition time = 15 ms; echo time = 6.9 ms; 1 X 1 X 1.5 mm voxels)
that enabled us to use frameless stereotaxy to position the TMS coil on
the scalp (Paus et al., 1997). In these, the pars opercularis and pars or-
bitalis were marked in parasagittal slices of the scan. A Polaris infrared
camera (Northern Digital, Waterloo, Ontario, Canada) tracked the sub-
ject’s head, and BrainSight software (Rogue Research, Montreal, Quebec,
Canada) registered the head to the MRI scan. The TMS coil was placed at
the approximate site of stimulation, and its position was adjusted until
the estimated direction of maximum field intensity intersected the target
stimulation site on the MRI scan. This scalp location was then used as the
initial testing site.

For subjects who had no MRI scan, the initial site was identified by
using the average scalp measurements of the anterior and posterior LIFC,
as identified by using frameless stereotaxy in a separate group of volun-
teers. Nine volunteers (three women, six men) with structural MRI scans
who did not participate in the main experiment went through the above
localization procedure by means of frameless stereotaxy. Their putative
stimulation sites were then measured on the scalp, and the group mean
values were calculated. The anterior stimulation site was 2.5 cm posterior
to the canthus along the canther—tragus line and 3 cm superior to the line;
the posterior stimulation site was 4.5 cm posterior and 6 cm superior to
the line.

For each subject, the coil was placed tangentially to the head at the
point of contact and held so that its handle pointed directly downward. A
70-mm-diameter figure-of-eight coil was used with a MagStim RAPID
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stimulator (Magstim, Whitland, Carmarthenshire, UK). Stimulation
was set at 60% of the stimulator output for all participants, and stimula-
tion always involved three pulses separated by 100 ms, starting 100 ms
after stimulus onset. The TMS train frequency, intensity, and duration
were well within internationally established safety limits (Wassermann,
1998).

Functional localization began with one of two “localizer tasks.” Local-
izer tasks were designed to require semantic or phonological processing
of the stimuli and were equivalent in stimulus parameters and response
requirements. The tasks involved presenting a fixation cross for 1000 ms
immediately followed by two simultaneously presented words above and
below the cross for 500 ms. The screen cleared, and participants had 1700
ms to make a response. For the anterior site, participants decided
whether the words referred to items from the same category (e.g., shovel—
hoe); for the posterior site, participants decided whether the two words
rhymed (e.g., coat—vote). Responses were indicated by a button press
with the right index and middle fingers. Reaction times and accuracy
were measured.

Each localizer task included 30 trials, 10 of which were randomly cho-
sen to include stimulation. If TMS facilitated responses by shortening the
median RT for correct responses relative to non-TMS trials, the coil was
moved ~1 cm along the surface of the scalp, and another site was tested.
If TMS increased RTs, then the site was tested again to determine whether
the effect was consistent. Any slowdown in RTs, even a few milliseconds,
was qualitatively distinct from the facilitation effects seen at incorrect
sites, and consequently the direction of the effect, rather than its magni-
tude, was the important criterion. When an increase in RTs occurred
twice at the same location, that location was used as the stimulation site
in the main experiment. In two participants, we were unable to identify a
posterior stimulation site that led to a repeatable increase in RTs, and
thus their data were excluded from the analyses of the main experiment.

Main experiment. The main experiment was the same for the two
testing sessions and consisted of three alternating tasks: synonym judg-
ments (i.e., semantic task), homophone judgments (i.e., phonological
task), and visual matching (i.e., control task), each containing 50 trials.
Like the localizer tasks, the main experiment used tasks that selectively
targeted semantic or phonological processing. The localizers required an
approximate match in either meaning (dog—cat) or sound (eye—fly),
whereas the main task required an exact match in meaning (idea—notion)
or sound (throne—thrown). To generalize the results beyond specific task
demands and stimulus materials, the main experiment differed from the
localizer tasks in these two respects.

The presentation parameters were identical to those in the localizer
tasks, with a 1000 ms fixation, 500 ms stimulus duration, and interstimu-
lus interval of 1700 ms. The experiment was organized in 15 blocks of 10
trials each, with all trials in a block from a single task. A participant might
see 10 synonym trials, followed by 10 homophone trials, followed by 10
visual trials before the sequence repeated. In addition, there were two
versions of the experiment (A and B), so that no stimuli were repeated
across the two testing sessions. One-half of the participants saw version A
during testing of the anterior site and the other half saw version B, with
the order of testing counterbalanced across subjects. Stimuli were
matched across tasks for rated familiarity (t5,,, = 1.3; p > 0.1) (Colt-
heart, 1981) and log-compressed written word frequencies (t.555) < 1
NS) (Kucera and Francis, 1967; Seidenberg and McClelland, 1989). In
general, stimuli in the semantic task were slightly longer than those in the
phonological task, with a mean letter length of 5.4 versus 4.8 (£595) = 3.7;
P < 0.001) and a mean syllable length of 1.6 versus 1.3 (f394) = 5.0; p <
0.001). The complete list of stimuli is present in the appendix (available at
www.jneurosci.org as supplemental material). To determine whether the
stimuli were sufficiently balanced and that no aspect of the stimulus
material chosen could account for the effects of TMS stimulation, a
purely behavioral version of the experiment was run with 10 additional
participants. Although the participants received no TMS stimulation, the
data were analyzed according to whether the trials were assigned to TMS
versus no TMS in the main experiment. Reaction times were analyzed
with a two-way repeated-measures ANOVA to check whether reaction
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times were affected by the TMS or task (semantic or phonological) fac-
tors. There was no significant main effect of TMS (F(,,g) < 1; NS), nor
was there a significant interaction (F(, 4y = 0.0; NS), indicating that
stimulus factors could not account for the TMS findings. The main effect
of task, however, approached significance (F; o, = 5.0; p = 0.053), indi-
cating that RTs in the semantic task (mean, 1104 ms) were longer than
those in the phonological task (mean, 1049 ms), which is similar to that
seen in the main experiment (see Fig. 2B). Task differences in overall RTs
were removed from the main experiment by normalizing the reaction
times and measuring TMS effects as percentage change relative to
baseline.

In the main experiment, repetitive TMS was delivered pseudoran-
domly on 40% of all trials with the same stimulation parameters that
were used in the localizer tasks (10 Hz; 300 ms duration; 60% maximum
stimulator output). The sequence was constrained to guarantee equal
numbers of TMS trials across conditions and also to ensure that no more
than two TMS trials occurred sequentially. We did not include sham
TMS trials as an additional control condition; instead, the visual match-
ing task served as the control for the other two tasks. As with the localizer
tasks, the order of stimulation sites was fully counterbalanced across
participants.

Response times were recorded from the onset of the stimuli, and trials
with RTs beyond 2 SDs from the mean were excluded [114 of 3000 trials
(3.8%)]. In addition, four semantic trials were removed because partic-
ipants responded at chance (50%). Median RTs for correct responses per
condition per subject were normalized to reflect relative changes caused
by stimulation (Schluter et al., 1999; Devlin et al., 2003; Kohler et al.,
2004) as follows: % change = (RT with TMS — RT without TMS)/(RT
without TMS) X 100.

These data were then analyzed with a repeated-measures ANOVA, and
the interaction was further characterized by paired ¢ tests to assess the
significance of site-specific effects. To verify the reliability of the effects in
the case of possible violations of the assumptions of the general linear
model, these data were also analyzed with nonparametric Wilcoxon
signed rank tests, which confirmed the results of the parametric tests.

Results

The experiment consisted of two stages. Testing began by using
localizer tasks to identify functionally the anterior and posterior
stimulation sites. For the anterior site, participants decided
whether two simultaneously presented words came from the
same category (e.g., potato—turnip) and indicated their response
with a key press. For the posterior site, participants decided
whether the words rhymed (e.g., vein—pane). The results of the
localizer tasks are shown in Figure 1. Stimulation at the anterior
testing site increased response latencies in all 11 participants rel-
ative to no stimulation, with an average RT increase of 41 ms
(paired t test; t,5, = 3.3; p < 0.01). The fact that TMS led to a
significant slowing of response was not surprising, given that this
was the criterion used to identify the stimulation site. What is
important, however, was the fact that such a site could be identi-
fied in all subjects. A similar pattern was observed at the posterior
testing site, where stimulation led to RT increases in 9 of 11
participants, with a mean increase of 52 ms () = 3.1; p < 0.05).
In two cases, however, posterior stimulation did not yield repro-
ducible increases in RTs; a potential site was identified as showing
an RT increase during initial testing, but subsequent tests at the
same location showed decreased RTs. One subject showed a 27
ms slowdown initially and then an 80 ms facilitation during re-
testing, whereas the second subject showed a 16 ms inhibition
followed by a 9 ms facilitation (Fig. 1, gray lines). Both individu-
als were excluded from the main experiment. At the final test site,
TMS produced both qualitatively and quantitatively different re-
sults from those of the adjacent stimulated regions (i.e., sites
within 2 cm of the final testing site), where TMS produced a mean
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Figure 1. Results of functional localization. The bar plots illustrate group mean RTs for the
category judgment task used to localize the anterior stimulation site (top left) and the rhyme
judgment tasks used to localize the posterior stimulation site (top right). In both regions,
stimulation (dark gray) significantly increased RTs relative to trials without TMS (light gray),
but more importantly, a consistent increase in RTs was observed in both locations for
9 of 11 individuals (dark lines). Two subjects (light lines) were excluded from the main experi-
ment for not showing a consistent TMS-induced RT increase in the posterior localization task.
Bottom left, Average scalp measurements relative to the canther—tragus (CT) line for the ante-
rior (A) and posterior (P) sites. Bottom right, The same sites on a parasagittal slice through the
mean structural image of the four participants with MRI scans. Anterior locations for
each individual are marked with crosses; posterior locations are marked with circles. Scale bar,
10 mm.

decrease in RTs of 31 ms, consistent with intersensory facilitation
(Walsh and Rushworth, 1999).

The location of the test sites was measured in two ways. First,
a scalp measurement was made for each subject by drawing a
reference line connecting the canthus of the left eye to the inter-
tragal notch of the ear (Fig. 1C). Two line segments were drawn at
right angles to the reference line connecting it to the anterior and
posterior sites. On average, the mean anterior position was 2 cm
along the canther—tragus line and 3 cm superior to it along a
perpendicular line. The mean posterior site was 4 cm posterior
and 5.75 cm superior to the line; therefore, the distance between
the two sites was ~3.5 cm on the surface of the scalp but varied
from 1.8 to 4.8 cm across the nine participants. A second mea-
surement was made in four of the participants who had high-
resolution structural MRI scans (Fig. 1D). Clear anatomical fidu-
cial marks permitted the use of frameless stereotaxy to identify
the cortical sites of stimulation (Paus et al., 1997). In each
individual, the anterior site fell on the horizontal ramus of the
Sylvian fissure separating the pars triangularis from the pars or-
bitalis, whereas the posterior site was consistently located just
anterior to the ventral limb of the precentral sulcus on the con-
vexity of the pars opercularis. When these locations were trans-
formed into the standard reference space defined by the Montreal
Neurological Institute mean brain (MNI152), the average coor-
dinates of the anterior and posterior testing sites were —52, 34,
—6 mm and —52, 16, 8 mm, respectively. The distances within
the four subjects were 1.7, 2.6, 2.7 and 3.0 cm apart (an average of
2.5 cm) on the cortical surface. Previous studies suggest that TMS
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Figure 2.

variance used in repeated-measure designs (Loftus and Masson, 1994).

has a functional resolution of ~1 c¢m (Brasil-Neto et al., 1992;
Pascual-Leone et al., 1999; Walsh and Rushworth, 1999), consis-
tent with our finding that distinct behavioral effects were detect-
able when sites ~3.5 cm apart on the surface of the scalp or ~2.5
cm apart on the cortical surface were stimulated.

The behavioral results are summarized in Figure 2. Accuracy
data were analyzed with a two-by-two-by-two repeated-
measures ANOVA. The independent factors were task (semantic
and phonological), site (anterior and posterior), and stimulation
(yes or no). There was a significant main effect of task (F, 4) =
7.7; p < 0.05), indicating that participants responded less accu-
rately for synonym trials (89.8%) than for homophone trials
(93.9%), but no other main effects or interactions reached signif-

Effects of anterior and posterior stimulation on performance during synonym judgments (left), homophone judg-
ments (middle), and visual matching (right). A, Accuracy measures across tasks and conditions. B, Normalized TMS effects
expressed as a change relative to the non-TMS baseline trials. €, Group mean reaction times per condition. Trials without TMS are
shown in light gray; those with TMS are shown in dark gray. Error bars indicate SEM adjusted to reflect the between-condition
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icance. TMS did not affect performance in
either task when measured in terms of
accuracy.

To characterize the effects of TMS on
RTs, the RTs of each participant were nor-
malized relative to their non-TMS re-
sponse times (baseline), expressed as per-
centage change from baseline (Schluter et
al., 1999; Devlin et al., 2003; Kohler et al.,
2004), and then analyzed with a two-by-
two repeated-measures ANOVA. The in-
dependent factors were task (semantic and
phonological) and site (anterior and pos-
terior). There were no significant main ef-
fects (both F values < 1.5; NS), but there
was a highly significant interaction (F, 4
= 13.2; p < 0.01), indicating that TMS
Biwtic affected the semantic and phonological

+ tasks differently, depending on the stimu-
brwhc lation site. Post hoc t tests confirmed that
anterior stimulation selectively increased
RTs in the semantic (g, = 3.2; p < 0.01)
but not the phonological task, whereas
posterior stimulation selectively increased
RTs in the phonological (¢4 = 2.2; p <
0.05) but not the semantic task. In the an-
terior site, stimulation increased RTs in
the synonym task by 9% of the no-TMS
baseline, an average of 70 ms. In contrast,
there was no significant increase (1%
CONTROL change) in the homophone task. The op-

2kjdf p'osite' pattern was obser.\red .in the poste-
- rior site, where stimulation increased re-
zkdijf sponse times in the homophone task by
5% (36 ms) but not in the synonym task
(0% change; —4 ms). Anterior stimulation
selectively interfered with performance on
the semantic task, whereas posterior stim-
ulation selectively interfered with the
phonological task. As expected, stimula-
tion did not significantly affect perfor-
mance on the control task. Anteriorally,
there was a 2% (16 ms) increase in RTs,
whereas posteriorly there was no change in
RTs (0%; —1 ms); neither was significant
(both t5) < 1.0; NS).

Visual inspection of the raw RTs (Fig. 2,
bottom row) reveals that the posterior
TMS effect for homophones may have
been caused by faster responses in the non-
TMS baseline rather than a stimulation-induced slowdown. A
direct comparison of anterior and posterior non-TMS RTs, how-
ever, reveals that the difference was not significant (paired ¢ test;
tgy = 1.7, p = 0.12). In fact, faster reaction times, 21 ms on
average, were seen in all three tasks when tested at the posterior
relative to the anterior stimulation site. Although this effect was
not statistically significant (F, gy = 1.0; p = 0.34), it is consistent
with the non-TMS baseline being faster for posterior than for
anterior stimulation. This difference cannot be attributed to
stimuli or task differences across stimulation sites, because both
were counterbalanced across subjects; instead, it may relate to the
subjective experience of posterior and anterior LIFC stimulation.
Stimulation at the more anterior site is more uncomfortable be-

CONTROL
fwtsp
+
fwisp
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cause of increased peripheral nerve stimulation and thus may be
responsible for a generalized slowing of responses. We suggest
that slowing above baseline performance in three of the four
phonological conditions may have resulted from different fac-
tors. For the anterior site, both the baseline and TMS conditions
were slower because of increased discomfort, although this was
not a significant effect. In contrast, the posterior stimulation con-
dition was slower because of TMS stimulation. This explanation
is consistent with the TMS-induced slowdown for rhyme judg-
ments in the posterior localizer task and the selective disruption
of phonological working memory reported previously by Nixon
etal. (2004).

Discussion

Stimulation of the anterior LIFC increased response latencies rel-
ative to no stimulation in the synonym but not the homophone
task, whereas the opposite pattern was observed for stimulation
of the posterior LIFC. We interpret these findings in terms of a
regionally specific disruption of semantic or phonological pro-
cessing. However, the semantic task was more difficult for the
participants than the phonological task, as indexed by both in-
creased error rates and longer RTs. Consequently, it is possible
that relative to the phonological task, synonym judgments re-
quired additional cognitive resources. For instance, homophone
decisions are unambiguous: two words either sound identical or
do not. In contrast, no two words are exact synonyms; therefore,
the task may have required additional processing to resolve
this ambiguity. Previous imaging studies have shown that the
anterior LIFC is engaged in resolving underconstrained tasks
(Gold and Buckner, 2002; Gold et al., 2005), and thus stimulation
of this region could have disrupted these nonsemantic
processes. By itself, we find this explanation unlikely, because
it cannot explain why stimulation of the anterior LIFC
selectively affected the highly constrained semantic decision
tasks used by Devlin et al. (2003) or Kohler et al. (2004). How-
ever, a combination of semantic and nonsemantic factors may
have exaggerated the TMS effect seen with anterior stimulation in
our experiment, offering a potential explanation for why the an-
terior TMS effect was both larger and more robust than the pos-
terior effect.

Our results show a rostrocaudal division of labor in the LIFC
that has been suggested but not shown in previous TMS studies
(Devlin et al., 2003; Kohler et al., 2004; Nixon et al., 2004). This is
consistent with imaging studies that show preferential engage-
ment of these areas across various semantic and phonological
tasks (Buckner et al., 1995; Poldrack et al., 1999; Bokde et al.,
2001; Otten and Rugg, 2001; Devlin et al., 2003; McDermott et al.,
2003; Gitelman et al., 2005) but inconsistent with the hypothesis
that semantic and phonological tasks each rely on both the ante-
rior and the posterior LIFC. Those studies that have reported
either no differences (Demonet et al., 1992; Price et al., 1997) or
common activation (Barde and Thompson-Schill, 2002; Gold
and Buckner, 2002; Devlin et al., 2003) in the LIFC for semantic
and phonological processing therefore may reflect the fact that
words automatically engage semantic and phonological process-
ing even when not required to perform the task (Van Orden et al.,
1988; MacLeod, 1991; Price et al., 1996). The use of TMS in this
study has allowed us to separate regions necessary for perfor-
mance in each task from those that are involved only incidentally
and has revealed an anteroposterior division within the LIFC for
semantic and phonological processing of words.

We hypothesize that this functional double dissociation may
be caused by separate corticocortical pathways linking specific
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prefrontal areas to distinct temporal lobe regions. In macaques,
the uncinate fasciculus links perirhinal, entorhinal, and antero-
lateral superior temporal regions with ventral prefrontal areas,
including lateral area 47/12 (Petrides and Pandya, 2002a,b). In
contrast, the superior longitudinal fasciculus connects the tem-
poroparietal junction with areas 44 and F5 (i.e., ventral premotor
cortex) (Petrides and Pandya, 1984; Cipolloni and Pandya, 1999).
Moreover, short-association fibers (U-fibers) link areas 44—45
and 45—47/12. Petrides and Pandya (1994, 2002a,b) have shown
that areas 44, 45, and 47/12 are cytoarchitectonic homologs of
Brodmann areas 44, 45, and 47 in humans, which correspond to
partes opercularis, triangularis, and orbitalis, respectively
(Amunts et al., 1999; Tomaiuolo et al., 1999). If the macaque
pattern of connectivity is preserved in humans, then the anterior
LIFC (i.e., partes orbitalis and triangularis) has reciprocal con-
nections with anterior temporal regions associated with semantic
memory (Hodges et al., 1995; Nobre and McCarthy, 1995; Van-
denberghe et al., 1996; Devlin et al., 2002). The posterior LIFC
(i.e., pars opercularis and ventral premotor cortex), in contrast,
has reciprocal connections with the posterior supratemporal ar-
eas that are generally involved in auditory processing (Griffiths
and Warren, 2002) but also specifically associated with speech
perception (Hickok and Poeppel, 2000; Giraud and Price, 2001;
Wise et al., 2001; Scott and Johnsrude, 2003). A final set of recip-
rocal connections links the anterior and posterior LIFC areas,
providing an anatomical substrate for integrating semantic and
phonological information.

These pathways are consistent with claims that the anterior
LIFC may operate as part of a semantic executive system (Wagner
etal., 2001; Gold et al., 2005), whereas the posterior LIFC plays a
crucial role in integrating acoustic (sensory) information with
articulatory (motor) patterns (Wise et al., 2001; Scott and
Johnsrude, 2003). Patients with LIFC lesions do not typically
have semantic memory deficits, although their ability to retrieve
specific semantic information, select among multiple options, or
inhibit competing alternatives can be impaired (Costello and
Warrington, 1989; Robinson et al., 1998; Thompson-Schill et al.,
1998). Similarly, LIFC lesions can impair phonological process-
ing (Gow and Caplan, 1996), although this is more generally
associated with posterior supratemporal lobe lesions (Bogen and
Bogen, 1976). Presumably, both posterior LIFC and supratem-
poral plane lesions disrupt the sensorimotor integration neces-
sary for phonological processing (Wise et al., 2001; Fadiga et al.,
2002; Scott and Johnsrude, 2003; Watkins et al., 2003; Watkins
and Paus, 2004). The LIFC provides the substrate for integrating
parallel linguistic streams, including semantic, phonological, and
presumably syntactic information, to resolve ambiguities via the
constraints provided by each type of information (Jackendoff,
2002; Hagoort, 2003). These results help to define the LIFC as a
functionally and anatomically heterogeneous zone that plays a
crucial role in the integration and modulation of abstract (i.e.,
supramodal) linguistic information.
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