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Abstract
Ventrolateral prefrontal cortex (VLPFC) has long been linked to language production, but the
precise mechanisms are still being elucidated. Using neuropsychological case studies, we explored
possible sub-specialization within this region for different linguistic and executive functions.
Frontal patients with different lesion profiles completed two sequencing tasks, which were
hypothesized to engage partially overlapping components. The multi-word priming task tested the
sequencing of co-activated representations and the overriding of primed word orders. The
sequence reproduction task tested the sequencing of co-activated representations, but did not
employ a priming manipulation. We compared patients’ performance on the two tasks to that of
healthy, age-matched controls. Results are partially consistent with an anterior-posterior gradient
of cognitive control within lateral prefrontal cortex (Koechlin & Summerfield, 2007). However,
we also found a stimulus-specific pattern, which suggests that sub-specialization might be
contingent on type of representation as well as type of control signal. Isolating such components
functionally and anatomically might lead to a better understanding of language production deficits
in aphasia.
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Introduction
Language production involves the conversion of a message or thought into a string of words.
This process may include several component processes, including the selection of
appropriate words, the sequencing of those words in a grammatical order, and the
programming of articulatory motor movements. The ventrolateral prefrontal cortex
(VLPFC), which includes Broca’s area, has long been associated with language production.
While the original hypothesis, traced back to Broca, tied this region to speech per se, more
recent accounts have hypothesized that VLPFC is involved in higher-level cognitive and
linguistic functions (see e.g., Cabeza & Nyberg, 2000). It is possible that different sub-
regions within VLPFC support different sub-components that are involved in producing
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language. In this article, we explore the issue of sub-specialization from a
neuropsychological perspective.

Previous neuroimaging and neuropsychological studies have suggested some possible
subdivisions of prefrontal mechanisms for language. One dominant idea is that the posterior
and dorsal part of VLPFC (Brodmann areas (BA) 44/6) might be responsible for processing
phonological information and the anterior and ventral part (BA 47) for processing semantic
information, with the intermediate region (BA 44/45) being responsible for processing
syntax (Bookheimer, 2002). This is consistent with known connectivity patterns between
posterior and frontal brain regions in the macaque monkey: a dorsal pathway from posterior
temporal and inferior parietal regions - thought to be involved in phonological processing in
humans - primarily targets posterior VLPFC while a ventral pathway from more anterior
temporal regions – thought to be involved in semantic processing in humans – primarily
targets anterior VLPFC (Hickok & Poeppel, 2004; Petrides & Pandya, 2009). Thus, it seems
plausible that different parts of frontal cortex support higher-level cognitive processing of
different kinds of linguistic representations that reside in temporal and parietal areas.

Direct evidence for the anterior-posterior semantic-phonological distinction in the frontal
cortex of humans comes from a number of studies (Fiez, 1997; Hamilton, Martin, & Burton,
2010; McDermott, Petersen, Watson, & Ojemann, 2003; Poldrack et al., 1999). For
example, McDermott et al. (2003) presented participants with 16-word lists and asked them
to attend either to the meaning or the rhyme relations between words. Results showed
preferential activation for the semantic condition in BA 47 and BA 44/45 and preferential
activation for the phonological condition in frontal regions posterior to those found for the
semantic condition (BA 44/6). Based on evidence from patients with brain damage, Martin
and colleagues have suggested that semantic and phonological short-term memory (STM)
components are separable both functionally and anatomically (Martin & He, 2004; Martin &
Romani, 1994). A recent fMRI study from the same group showed increased activation in
parts of VLPFC anterior to BA 44/6 when comparing high and low semantic STM load
conditions (Hamilton et al., 2010). Analysis within a posterior BA 44 region of interest
detected no such effect of semantic STM load, consistent with the hypothesis that this sub-
region is not associated with semantic processing.

There is also evidence for anterior versus posterior semantics versus syntax parcellation
within VLPFC. Dapretto and Bookheimer (1999) examined activation during a semantic
condition where a same/different judgment between two sentences relied on the processing
of word substitutions and that during a syntactic condition where the same/different
judgment relied on the processing of syntactic alternations. The findings implicated BA 44
in syntactic processing and BA 47 in semantic processing (Dapretto & Bookheimer, 1999).
Other fMRI studies have reported increased frontal activation for some syntactic structures
over others, particularly in BA 44 (Caplan, Alpert, & Waters, 1998; Newman, Ikuta, &
Burns, 2010). Such evidence is broadly consistent with specialization of posterior VLPFC
for some sub-component of syntax, although the interpretation of the data with respect to the
domain specificity or generality of the underlying mechanisms is still controversial (Novick,
Trueswell, & Thompson-Schill, 2005).

In sum, evidence from language studies has suggested a gradient between semantic
processing in anterior VLPFC and phonological processing in posterior VLPFC with
syntactic processing somewhere in between. However, the functions of lateral PFC (LPFC),
or subdivisions among them, are clearly not limited to the domain of language. There is
general consensus that this region is involved in cognitive control or the coordination of
thoughts and actions in accordance with goals. Koechlin and colleagues have proposed an
influential “cascade model” with respect to the organization of cognitive control processes
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for selecting actions (Koechlin, Ody, & Kouneiher, 2003; Koechlin & Summerfield, 2007).
Under this model, cognitive control involves at least three nested levels of processing whose
anatomical loci are hypothesized to lie on a posterior-to-anterior axis within LPFC: lateral
premotor areas support sensory control or the selection of motor actions in response to
stimuli; posterior LPFC supports contextual control or the selection of motor actions that
takes into account (immediate) contextual signals; and anterior LPFC supports episodic
control or the selection of motor actions that takes into account the broader temporal
episode. Put another way, the integration of more and more temporally distant events is
thought to require the operation of more and more anterior portions of LPFC. Further, the
processes are supposed to be hierarchically organized such that increased activation of more
anterior regions modulates the activation of less anterior regions but not vice versa
(Koechlin et al., 2003; Koechlin & Summerfield, 2007. See Badre and D’Esposito (2007)
for a different hierarchical proposal).

It might be worth exploring whether these broad organizing principles that have been
proposed for dorsolateral PFC and action selection can explain the observed
subspecialization within ventrolateral PFC for different linguistic processes. For example,
the processing of semantic and discourse information might require the integration of
current input into a broader context (“episodic control” in the cascade model) while the
processing of phonological or local syntactic information might require lower-level
cognitive control (“sensory control” or “contextual control” in the cascade model). This
could explain the localization of semantic processing to anterior PFC and phonological and
syntactic processing to more posterior regions (Bornkessel-Schlesewsky, Grewe, &
Schlesewsky, 2012).

Our motivation in exploring the sub-specialization issue was to better understand the
language impairments in aphasia that follow damage to the frontal cortex. Although the
relation between frontal damage and production impairments in aphasia is often taken for
granted, the two do not always go together (Dick et al., 2001; Dronkers, Wilkins, Van Valin,
Redfern, & Jaeger, 1994). It is possible that different sub-components of language
production rely on different neural substrates, leading to the inconclusive findings. Thus, our
approach has been to isolate particular cognitive components in patients with focal frontal
lesions.

In a preliminary study with aphasic patients, we reported that some frontal patients had
difficulty in flexibly sequencing words (Thothathiri, Schwartz, & Thompson-Schill, 2010).
We used a simple two-word picture-naming task that isolated sequencing from other
sentence processing components such as verb retrieval and syntactic-semantic mappings.
Post-hoc anatomical analysis tied a sub-region within LPFC, namely BA 44/6, to
exaggerated interference when participants were primed with a noun in one phrasal position
and then had to produce that same noun in the other phrasal position. Frontal patients who
had BA 44/6 damage showed this pattern while others, whose lesions spared this sub-region,
did not. We interpreted these data within a larger framework wherein lateral PFC supports
cognitive control, particularly the biasing of competing representations during the selection
of a single representation. Invoking this framework, Robinson and colleagues have
suggested that the inability to select amongst verbal responses under conditions of high
competition is central to what Luria termed “dynamic aphasia” (Luria, 1970; Robinson,
Blair & Cipolotti, 1998; Robinson, Shallice & Cipolotti, 2005). Our more specific
suggestion was that the BA 44/6 sub-region within PFC might be associated with
sequencing or “selection for position” (Thothathiri et al., 2010). When multiple words or
items are co-activated, selecting the right word or item at the right time might require an
intact BA 44/6.
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Other studies have also tied sequencing operations to the posterior-most region of VLPFC,
adjoining and including the premotor cortex (Gelfand & Bookheimer, 2003; Grewe et al.,
2006). For example, Gelfand and Bookheimer (2003) reported that the posterior part of
Broca’s area was activated during sequence manipulation irrespective of whether the stimuli
were phonemes or hummed notes. Within the domain of language, Bornkessel-Schlesewsky
and colleagues have suggested a functional gradient within VLPFC for sequencing, wherein
activation in posterior sub-portions correlates with sentence-internal or local aspects of
sequencing and activation in anterior sub-portions is sensitive to the relation between the
current sentence and the broader discourse (Bornkessel-Schlesewsky et al., 2012). This
interpretation seems consistent with the cascade model described above. Sequencing or
ordering different items with respect to one another (e.g., say X after Y) is a contextual
process, which might be supported by posterior LPFC. Additionally, the modulation of
sequencing by semantic or discourse constraints might require the recruitment of episodic
control supported by anterior LPFC.

In the current study, we sought to establish the causal links between different subregions
within LPFC and the different components that might be involved in producing a sequence
of words. We chose patients with different lesion profiles primarily affecting the premotor
cortex, posterior VLPFC or anterior VLPFC, and examined the impact of such lesions on
two different sequencing tasks. In the multi-word priming task, participants were required to
sequence two nouns during spoken production. On critical trials, we manipulated whether a
primed noun was produced in the same position or a different position from the previous
trials. In the sequence reproduction task, we manipulated sequencing demands not by a
priming manipulation but by presenting the entire sequence all at once or item by item.
Patients with different lesion profiles showed different patterns of deficits on the two tasks.
Our results speak to the architecture of cognitive control in LPFC and the implications of
this architecture for language processing in aphasic patients and neurotypical adults.

Patient Information
Selection Criteria

We recruited five patients with post-stroke aphasia from the Moss Rehabilitation Research
Registry for whom clinical behavioral data and high quality brain scans were available from
prior research participation. Our main selection criterion was lesion profile. Two of the
patients had participated in the previous multi-word priming study (Thothathiri et al., 2010).
Both had lesions to posterior VLPFC (BA 44/6). In addition, we recruited two other patients
with VLPFC lesions. Because we wanted to examine the possible selectivity of BA 44/6 for
sequencing mechanisms, we chose one patient who had damage to anterior VLPFC (BA
45/47) and not posterior VLPFC, and another patient who had extensive damage to BA 6
and a small lesion in BA 44. The fifth patient had damage to non-frontal areas only.

Our secondary selection criterion was high accuracy in single picture naming because we
wanted to isolate patients’ difficulty in sequencing multiple words from other naming
related difficulties. We chose patients with > 80 % accuracy on the Philadelphia Naming
Test or PNT (see Standardized Behavioral Measures).

Imaging Methods
All scans were obtained at least 6 months post-onset and within 6 years of testing. Patients
P1 and P3 underwent magnetic resonance imaging (MRI) scans (P1: 3 Tesla, T1-weighted,
TR = 1620 ms, TE = 3.87 ms, FOV = 192×256 mm, slice thickness = 1 mm; P3: 1.5 Tesla,
T1-weighted, TR = 3000 ms, TE = 3.54 ms, FOV = 24 cm, slice thickness = 1 mm). Their
lesions were segmented manually on a 1×1×1 mm T1-weighted structural image, after
which the scan and lesion were sequentially registered to a standard template (“Colin27”;
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Holmes et al., 1998) using a symmetric diffeomorphic registration algorithm (Avants,
Schoenemann, & Gee, 2006; see also http://www.picsl.upenn.edu/ANTS/). The final lesion
map was quantized to produce a 0/1 map, using 0.5 as the cutoff value.

MRI was contra-indicated for the other three patients (P2, P4, P5). They underwent whole
brain CT scans without contrast (60 axial slices, 3 mm thick) on a 64–Slice SOMATOM
Sensation Scanner. Their lesions were drawn directly onto the common Colin27 volume,
after rotating (pitch only) the template to approximate the slice plane of the patient’s scan.
The lesions maps were all drawn or approved by an experienced neurologist, who had no
knowledge of the behavioral data.

For each patient, total lesion volume and percent damage to several a priori ROIs were
calculated using VoxBo (http://www.voxbo.org) and MRICron (http://www.sph.sc.edu/
comd/rorden/mricron).

Anatomical Differences and Predictions
Table 1 shows the percent damage in selected Brodmann areas and a summary classification
for each patient. Here and elsewhere, the frontal patients are presented in the order of
posterior to anterior damage.

The differences between the frontal patients’ lesions are illustrated graphically in Figure 1.
P2 (shown in red) has additional damage to medial BA 6 as well as posterior lateral BA 6
compared to all the other patients. This lesion, which includes the supplementary motor
area, might lead to widespread impairments in this patient on any task that requires the
planning and execution of a sequence of movements. P5 (shown in blue) has the anterior-
most profile with a lesion that spared posterior LPFC and premotor areas entirely. Thus, this
patient might be expected to be impaired only on tasks that require higher-level or
“episodic” cognitive control. The two other patients, P3 (yellow) and P4 (green), have lesion
profiles that are in between those of P2 and P5. They have damage to BA 44 in common. P3
has additional damage to the junction of BA 44/6 compared to P4 while P4 has additional
damage to BA 45/47 compared to P3. The relatively more posterior profile in P3 might lead
to wider impairments, even on tasks that require sensory or contextual control only. In
contrast, P4, who has a combination of posterior and anterior LPFC damage, might show the
strongest impairments in higher-level cognitive control tasks that recruit anterior LPFC and
cascade down to posterior LPFC. She might also show milder impairments on tasks that
only involve lower-level cognitive control.

Standardized Behavioral Measures
Table 2 shows a subset of the behavioral measures collected from the patients as part of a
standardized battery at the Moss Rehabilitation Research Institute. All patients were
classified as anomic based on the Western Aphasia Battery (WAB. Kertesz, 1982). Their
WAB fluency scores were 8 or 9 out of a maximum of 10. Accuracy on the Philadelphia
Naming Test (PNT. http://www.ncrrn.org; Roach, Schwartz, Martin, Grewal & Brecher,
1996) ranged between 82–97% suggesting that the patients were quite accurate at naming
single pictures.

Table 2 also shows two different short-term memory (STM) span scores (Freedman &
Martin, 2001). The category probe span measures the list length for which participants can
accurately judge whether any item from the list was in the same semantic category as the
probe item. Thus, it is considered to be a measure of semantic STM (Freedman & Martin,
2001). Testing starts at list length 1 and proceeds to the next length if the participant scores
better than 75% correct. The maximum score is 7. The rhyme probe span measures the list
length for which participants can accurately judge whether the probe rhymes with one of the
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items in the list. Thus, it is considered to be a measure of phonological STM (Freedman &
Martin, 2001). Testing starts at list length 1 and advances to the next length if the participant
scores above 75% correct. The maximum score is 10.

Individual Patient Summary
Patient P1—P1 is a right-handed female, who was 58 years old and 118 months post onset
at the time of testing. Her structural MRI revealed damage to temporal and parietal regions;
she had no damage to LPFC (Table 1). P1 had high WAB fluency and PNT scores, and her
category and rhyme probe spans were within 2 standard deviations (SDs) of the control
mean (Table 2).

Patient P2—P2 is a right-handed male, who was 49 years old and 113 months post onset at
the time of testing. His CT revealed cortical damage mainly limited to premotor areas, with
some additional damage in the bordering region of posterior LPFC (Table 1). P2 had high
WAB fluency and PNT scores, and a category probe span within 1 SD of the control mean.
His rhyme probe span was more than 2 SDs from the control mean, suggesting possible
impairment to phonological STM (Table 2).

Patient P3—P3 is a right-handed male, who was 72 years old and 24 months post onset at
the time of testing. His structural MRI revealed damage that was largely confined to
posterior LPFC (Table 1). P3 had high WAB fluency and PNT scores, and his category and
rhyme probe spans were within 2 SDs of the control mean (Table 2).

Patient P4—P4 is a right-handed female, who was 41 years old and 88 months post onset
at the time of testing. Her CT revealed damage to posterior and anterior LPFC (Table 1). P4
had high WAB fluency and PNT scores, and her category and rhyme probe spans were
within 2 SDs of the control mean (Table 2).

Patient P5—P5 is a right-handed female, who was 72 years old and 20 months post onset
at the time of testing. Her CT revealed damage to anterior but not posterior LPFC (Table 1).
P5 had high WAB fluency and PNT scores, and a rhyme probe span that was within 1 SD of
the control mean. Her category probe span was more than 2SDs from the control mean,
suggesting possible impairment to semantic STM (Table 2).

Multi-word Priming Experiment
Participants

In addition to the five patients, seven healthy controls (4 female. Mean age = 55.9 years)
participated. All were native English speakers from the Philadelphia area, right-handed,
scored 26 or higher on the Mini-mental State Examination (MMSE), and reported no history
of neurodegenerative disease, learning disorders, or ADHD.

Stimuli
We used 40 color pictures adapted from Snodgrass & Vanderwart’s line drawings (Rossion
& Pourtois, 2004). The 40 items belonged to eight semantic categories (see Appendix). All
had name agreement >90% (Snodgrass & Vanderwart, 1980).

Procedure
We employed a modified version of the multi-word naming task reported in Thothathiri, et
al. (2010). On each trial, participants were presented with two pictures appearing side by
side. They were instructed to name the pictures from left to right using the phrase “the x and
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the y”. The two pictures were enclosed together in a box to promote concurrent planning of
both names. Unlike the previous version (Thothathiri et al., 2010), the pictures stayed on the
screen until the experimenter pressed a key to move to the next trial. Thus, working memory
demands were minimal.

Each participant completed four blocks of 80 trials each, spread across two days (two blocks
per day). Each block consisted of 20 filler trials and 20 experimental triads (60 trials) in a
fixed randomized order. Within a triad, one noun was repeated in three consecutive trials. In
the first two trials of the triad (primes), the repeated noun appeared in the same position
(e.g., the apple and the cup followed by the apple and the shoe). In the third trial of the triad
(target), the position of the repeated noun was either consistent (e.g., the apple and the star)
or inconsistent with the primes (e.g., the star and the apple). Each block contained 10
“consistent” and 10 “inconsistent” targets. Half the trials in each type contained the repeated
noun in the first position, half in the second position.

Each noun appeared the same number of times within a given experimental block. No two
nouns within a trial belonged to the same semantic category, or had the same phonological
onset or rhyme. This was done to minimize semantic and phonological interference.

In each testing session, participants were first familiarized with the pictures and their
expected names. We presented pictures in isolation and provided feedback if the participant
could not respond or used a different name. Subsequently, participants practiced the multi-
word naming task. Once we were confident that they understood the task, we administered
the actual experiment.

Dependent Measure
We used the same dependent measure as in Thothathiri, et al. (2010). Onset latencies were
measured from the onset of the beep at the beginning of the trial to the onset of the first
spoken word. We excluded trials where one or both nouns were missing or wrong, or there
were extraneous phonemes or major disfluencies. We also excluded trials where latencies
were more than 2 SDs from each participant’s average filler latency. For each participant,
we computed a priming interference percent score, which was the difference in mean onset
latency on inconsistent minus consistent trials, expressed as a percentage of the participant’s
mean latency on filler trials.

Results and Discussion
Table 3 shows aggregate behavioral measures for the controls and individual behavior
measures for the patients. Patients showed longer latencies and/or made more errors
compared to controls. Four out of the five patients made more errors during inconsistent
compared to consistent targets (Table 3: shown as a percent of all trials of a given type).
This difference appeared strongest in P4 and P5.

Our main dependent measure was the priming interference percent score calculated from
correct trials, which was normalized by filler latencies because participants who have longer
latencies often tend to show larger effects. On average, controls were 4.36% slower on
inconsistent compared to consistent target trials. This effect was marginally significant
[t(6)=2.13, p=.08]. Non-frontal patient P1’s interference score (3.5%) was comparable to
that of the controls, while the scores of the four frontal patients (17.5–36.8%) were much
higher (Table 3).

We used a modified t-test to evaluate whether each patient showed significantly larger
interference relative to controls (Crawford & Howell, 1998). Table 4 shows the results of
this test as well as the effect sizes for each patient (Crawford, Garthwaite, & Porter, 2010).
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As can be seen, P1, whose lesion was restricted to non-LPFC regions, did not show
significantly larger interference compared to controls. In the frontal patients, in the order of
more posterior to more anterior lesion profiles: P2, who had damage mainly to premotor
areas, and P3, who had damage mainly to posterior LPFC, both showed significantly larger
interference scores relative to controls. Their percent scores were more than 3 SDs from the
control mean. P4 who had damage to posterior as well as anterior LPFC showed an even
larger effect, which was more than 5 SDs from the control mean. The patient with the most
anterior LPFC profile (P5) showed a marginally significant effect. Her interference score
was between 2 and 3 SDs from the mean for controls.

The results of the multi-word priming experiment are consistent with the known role for
LPFC in cognitive control. The task presumably tapped cognitive control at multiple levels,
including sensory control related to response selection (say “apple” or “star”), contextual
control related to sequencing (say “apple and star”), and episodic control related to the
priming manipulation (override recently primed order if necessary and name pictures from
left to right). We found that while the non-frontal patient was unimpaired relative to control
participants, patients with frontal cortex damage showed larger interference scores. This was
most evident in the three patients with some posterior LPFC damage but a weak effect was
also seen in the patient whose lesion was restricted to anterior LPFC. As described above,
these impairments could have arisen at multiple levels of the proposed cognitive control
hierarchy. To tease apart the different contributions of the different LPFC sub-regions, we
tested the four frontal patients on an alternative sequence manipulation task. This task did
not use the priming manipulation and presumably required no episodic control. Based on the
cascade model, we predicted that the three patients with premotor and/or posterior LPFC
damage (P2, P3, P4) would be impaired in this task and that the anterior LPFC patient (P5)
would not.

Sequence Reproduction Experiment
In this experiment, we manipulated sequencing-related cognitive control demands by
presenting the items to be sequenced all at once rather than one by one. Presenting items
simultaneously rather than sequentially might result in the planning of multiple responses at
once. This planning ahead is expected to have a “cost”, in the form of slowed sequence
initiation times relative to the sequential condition. However, prior planning should also
result in a future “benefit”, in the form of speeded up responses to subsequent items of the
sequence. In a previous study, Lepage and Richer (1996) reported such a pattern of slower
reaction time for the first item and faster reaction times for subsequent items in healthy
control participants. In comparison, patients with heterogeneous left and right frontal lesions
showed markedly slower reaction times for the first item but no speeding up of subsequent
responses (Lepage & Richer, 1996).

We hypothesized that cognitive control might be necessary to resolve interference amongst
multiple responses during the simultaneous presentation condition. The effectiveness of this
interference resolution process may be measured by the “net cost” of planning items
together, which is the sum of the slowing down of the first response and the speeding up of
subsequent responses. The less efficient or successful the interference resolution, the larger
the net cost. Based on the cascade model, we predicted that patients with lesions in posterior
LPFC and premotor cortex would show abnormal net costs relative to controls.

Participants
In addition to the four frontal patients, seven healthy controls (4 female. Mean age = 58.14
years) participated. All were native English speakers from the Philadelphia area, right-
handed, scored 27 or higher on the Mini-mental State Examination (MMSE), and reported
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no history of neurodegenerative disease, learning disorders, or ADHD. Five out of the seven
controls had also participated in the multi-word priming experiment.

Stimuli & Procedure
Participants used a keyboard to reproduce four-item sequences displayed on a computer
screen. The sequences consisted of letters (A, B, C) or color squares (red, yellow, blue). For
each stimulus type, the three unique items were mapped to the j, k and l keys respectively.
Participants were asked to use their left hand, with the ring finger on j, middle finger on k
and index finger on l. All sequences appeared centered on the screen against a black
background. Letters were capitalized and in white, bold, 40 pt. Arial font; colors were 1.75″
(width) by 1.4″ (height) rectangles. Inter-trial interval was 3 seconds, during which a
fixation cross appeared centered on the screen.

Items within the sequences appeared either sequentially or simultaneously. In the sequential
condition, items in the sequence appeared one at a time. When participants entered a
response to item 1, item 2 appeared to the right of item 1 (which remained on the screen),
and so on. The trial ended after four responses were made. In the simultaneous condition, all
four items appeared together at the beginning of the trial and remained on the screen until
the participant made four key presses and the trial ended. For both conditions, we instructed
participants to replicate the sequence from left to right as accurately and as quickly as
possible.

For each stimulus type, we constructed 18 four-item sequences from the three unique items
(e.g., ABCA, BABC) with the constraint that immediate repetition of an item (e.g., ABBC)
was not allowed. Each item appeared at least once and possibly twice in a sequence.

Participants completed 50 trials in each of the 4 experimental conditions – letters presented
sequentially, letters presented simultaneously, colors presented sequentially, and colors
presented simultaneously. Each of the 18 possible sequences appeared between two and four
times within a set of 50 trials. Testing with letters and colors was done on different days,
with at least 2 days in between. For a given stimulus type, there were 50 trials each in the
sequential and simultaneous conditions. These were administered in two blocks of 25 trials
for a total of 4 blocks. We presented the four blocks in an ABBA order e.g., Sequential-
Block 1, Simultaneous-Block 1, Simultaneous-Block 2, Sequential-Block 2. Which block
and condition was presented first was counterbalanced across participants. For a given
participant, this order remained constant across stimulus types.

Each testing session began with 25 mapping-practice trials where single items were
presented to allow participants to practice mapping a visual stimulus to the appropriate key.
Subsequently, participants completed at least 5 sequencing-practice trials before each
sequential or simultaneous condition block. We allowed participants to practice as many
times as necessary until they felt comfortable with the task.

Dependent Measure
Participants’ responses and reaction times were recorded using E-prime. Trials containing
one or more errors were eliminated from the analysis. We also excluded trials with RTs
greater than 2 SDs from the participant’s mean for a given item and condition.

For each participant, we computed an interference score, which was the net cost for planning
multiple responses at once. We restricted our analysis to the first two items in order to
eliminate the possibility of performance differences between patients due to differences in
STM. All patients studied had phonological and semantic STM spans greater than 2 (Table
2). The formula for the interference score was as follows:
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The first parenthetic term in the numerator represents the possible cost incurred due to the
sequencing of multiple items and the planning of multiple responses. The second parenthetic
term in the numerator represents the possible benefit obtained from prior sequencing and
planning. The sum of these two terms represents the net cost for planning multiple responses
together. In order to account for baseline latency differences, we normalized this net cost by
each participant’s mean latency to respond to the first two items in the sequential
presentation condition.

Results and Discussion
Controls were highly accurate on the task. Mean error rates in the four conditions were as
follows: letters-sequential = 1.14% (SD=1.57), letters-simultaneous = 2.86% (SD=3.02),
colors-sequential = 2.00% (SD=2.31) and colors-simultaneous = 1.43% (SD = 1.51). The
error rates for the patients in the four conditions were as follows: letters-sequential (P2=2%,
P3=10%, P4=2%, P5=0%); letters-simultaneous (P2=2%, P3=4%, P4=4%, P5=0%); colors-
sequential (P2=6%, P3=8%, P4=10%, P5=0%); and colors-simultaneous (P2=18%, P3=6%,
P4=8%, P5=2%). Thus, with the possible exception of P2 in the colors-simultaneous
condition, patients were also reasonably accurate on the task.

We excluded trials containing errors from our analysis of response latencies. In addition, we
excluded outlier trials where response latencies were more than 2 SDs away from each
participant’s mean per condition and item. For controls, this eliminated an average of 16–
18% of the trials in the different experimental conditions. Similar percentages of trials were
excluded for the same reason in the patients (P2: 12–20%; P3: 14–20%; P4: 14–18%; P5:
12–22%).

The raw response latencies for each patient and the corresponding means for the controls are
shown in Table 5 and depicted visually in Figures 2 and 3. Figure 2 shows the response
latencies for sequencing letters when they were presented sequentially versus
simultaneously. Qualitatively, most patients showed a similar pattern to controls: when
comparing the simultaneous to the sequential condition, latencies for item 1 were longer
(presumably due to the planning of multiple responses) and latencies for subsequent items
were shorter (presumably a benefit from planning ahead). P2 clearly looks like an exception
with a large cost on item 1 but little to no benefit for subsequent items. It is possible that
other patients have more subtle impairments that might become evident in our quantitative
analyses. Figure 3 shows the response latencies for sequencing colors when they were
presented sequentially versus simultaneously. The pattern looks similar to that described
above for letters.

Our main dependent measure was the normalized net cost or interference score, which was
computed as the difference between simultaneous and sequential conditions for items 1 and
2 as a percent of the average latency for those items in the sequential condition. Table 6
shows the mean and standard deviation of the interference score for controls, separately for
each stimulus type, along with the corresponding individual scores for patients. Controls
showed significantly higher interference during the sequencing of colors compared to letters
[t(6)=2.84, p<.04]. In the patient group, only the anterior LPFC patient (P5) showed a
similar pattern, where the interference score was much larger for colors compared to letters.
P3 and P4, who had posterior LPFC and/or anterior LPFC damage, showed the opposite
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pattern: they had larger interference scores for letter than for color stimuli. P2, who had a
predominantly premotor lesion, showed heightened interference for both stimulus types.

We evaluated these qualitative patterns using a modified t-test (Crawford et al., 2010;
Crawford & Howell, 1998). Inferential statistics and effect sizes are shown in Table 7. P5,
who had the anterior-most lesion profile, did not differ from the controls on either stimulus
type. P3 had significantly higher interference scores than controls for the sequencing of
letters but not colors. P4 had a higher interference score in the letter task, but the difference
from controls did not reach significance for either stimulus type. Finally, P2, who had the
posterior-most lesion profile, had significantly higher interference scores than controls for
both stimulus types. In each case, his score was more than 3 SDs from the control mean.

We tested whether P3 exhibited a classic dissociation by comparing the difference between
his letter and color interference scores against the difference for the control sample (Revised
Standardized Difference Test (RSDT): Crawford et al., 2010). The difference between the
patient’s standardized scores for the two stimulus types was marginally significant
[t(6)=2.08, p=.08] suggesting a qualitative difference between his performance in
sequencing letters versus colors.

The results from the sequence reproduction task are partially consistent with the predictions
of the cascade model. As predicted, P5, whose lesion was restricted to anterior LPFC and
spared premotor and posterior LPFC areas, did not show impairment relative to controls, for
either stimulus type. This is consistent with the proposal that anterior LPFC is not necessary
for lower-level cognitive control that does not require the integration of episodic
information, as in the case of the sequence reproduction task. Also as predicted, P2, who had
premotor and some posterior LPFC damage, showed heightened interference compared to
controls, for both stimulus types. This is consistent with the idea that posterior areas within
the frontal cortex support non-episodic cognitive control. Together, the pattern of results for
P5 and P2 offer support for an anterior-posterior gradient of cognitive control within LPFC.
However, the results for the other two patients - particularly P3 - are problematic for a
simple version of this proposed gradient, where sub-specialization within the prefrontal
cortex is contingent solely on the type of cognitive control but does not depend on the type
of stimulus. P3 showed significantly higher interference scores than controls for letters but
not for colors (note however that the difference between P3’s scores for the two stimulus
types was only marginally significant). P4 showed a qualitatively similar pattern of worse
performance with letters. This apparent stimulus-specific pattern cannot be explained as an
artifact of task difficulty i.e., that the letter task was harder than the color task, because
controls showed the opposite pattern of higher interference for colors than letters.

The pattern of results in P3 (and P4) raises the possibility of a stimulus-specific gradient
within VLPFC, in addition to the proposed gradient based on the type of control signal
(Koechlin & Summerfield, 2007). In order to evaluate whether this stimulus-specific
gradient was linguistic versus non-linguistic or something else, we tested all participants on
the sequencing of color names. Participants saw sequences of “red”, “yellow” and “blue”
presented sequentially or simultaneously. As before, we computed an interference percent
score for each participant. The mean score for the 7 control participants was −1%
(SD=12.97). Similar to the case of letters and colors, P2 had a high score (37.5%), which
was nearly 3 SDs away from the control mean. None of the other three patients showed such
extreme scores (P3=17.31%, P4=6.26%, P5=−0.53%). In particular, P3, who had
significantly higher interference than controls for letters, did not differ from controls on the
color name version (p>.2). This suggests that the stimulus specificity might be tangential to
or more fine-grained (e.g., non-semantic vs. semantic) than the linguistic-nonlinguistic
distinction. However, a comparison of the difference between P3’s letter and color name
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interference scores against the difference for the control sample (RSDT: Crawford et al.,
2010) revealed no significant difference between the two stimulus types [p>.4].

Conclusions, Caveats, and Future Directions
We explored the causal link between different prefrontal regions and cognitive control by
studying the performance of patients with focal frontal lesions on two different sequencing
tasks. Patient P2, who had extensive damage to BA 6, showed significantly higher
interference scores than controls in multi-word priming as well sequence reproduction with
letters, colors and color names. Patient P3, with mostly posterior LPFC damage, had
significantly higher interference scores than controls in multi-word priming, and sequence
reproduction with letters but not colors or color names. Patient P4, who had a lesion that
encompassed both anterior and posterior LPFC, was significantly worse than controls in
multi-word priming. She also showed higher interference during the sequencing of letters
than colors, a pattern that was opposite to controls, but the results were not statistically
significant. Finally, patient P5, whose lesion was restricted to anterior LPFC, showed a
marginally significant effect in the multi-word priming task, and no effects in sequence
reproduction for any stimulus type. Below, we discuss the implications of these results for
the cascade model of cognitive control and language production in aphasia.

Our results show two clear patterns that are consistent with the a priori predictions of the
cascade model. First, damage to anterior but not posterior LPFC affected performance only
when the task required some episodic control. Patient P5 showed marginally higher
interference scores than controls in the multi-word priming task, which required the
overriding of recently primed orders, but no significant effects in the sequence reproduction
task, which did not require integration across events. Second, widespread damage to BA 6
affected performance whenever the task required the planning and execution of multiple
responses. Patient P2 showed higher interference scores than controls in multi-word priming
and in the sequencing of letters, colors and color names. Together these results support a
hierarchical model of cognitive control within the frontal cortex, wherein anterior regions
subserve episodic control and posterior regions subserve sensory or contextual control.

In contrast to the above two results, a third pattern found in our study was unexpected. We
had predicted that patients P3 and P4, both of whom had lesions in posterior LPFC, would
be impaired in lower-level as well as higher-level cognitive tasks. Consistent with our
predictions, patients P3 and P4 showed significantly higher interference effects than controls
in the multi-word priming task. However, in the sequence reproduction task, we found an
unexpected effect of stimulus type. Both patients showed numerically worse interference in
letter compared to color sequencing, a pattern that was opposite to that in controls. Patient
P3 had significantly higher interference scores than controls for letters but not for colors. In
addition, the difference between his standardized letter and color interference scores was
marginally significant. Thus, results from the sequence reproduction task suggest that some
patients might be more impaired in the sequencing of some stimuli than others. This in turn
suggests that a cascade model of cognitive control within VLPFC might have to be modified
to take into account not just the type of control signal but also the type of representation.

What are the relevant differences between letter and color representations? One possibility is
that the letter task was harder than the color task or required more executive control. For
example, it could be the case that letter sequencing was subject to interference from more
alternatives (other letters) or that mapping visual letters A, B and C to keyboard letters j, k
and l led to more conflict. If this were true, some patients’ worse performance on letters
could be explained as a consequence of task difficulty. Our data do not support this
hypothesis because controls showed the opposite pattern, with significantly higher
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interference scores for colors than for letters. Based on this evidence, color sequencing was
the harder task and the one expected to suffer the most if patients’ performance was driven
by difficulty alone. Thus, the fact that some patients struggled with what is the easier task
for controls, namely letters, calls for an alternate explanation.

A second possibility is that the distinction is one of linguistic versus non-linguistic stimuli.
We evaluated this hypothesis by testing patients on the sequencing of color names. Patient
P3, who showed exaggerated interference for the sequencing of letters, did not show
significantly higher interference scores than controls for color names. However, a direct
comparison between P3’s scores for the two types was not significant. Thus, the present
results are suggestive but not conclusive. It is possible that the distinction between the
stimulus types is more fine-grained than linguistic versus non-linguistic, but this needs to be
confirmed in future studies.

One particular fine-grained account is that the relevant distinction is non-semantic versus
semantic. Letters have less semantic content than colors or color names. As reviewed in the
introduction, considerable evidence links posterior VLPFC to phonological and anterior
VLPFC to semantic processing. Structural connectivity studies also tie posterior and anterior
VLPFC to distinct dorsal and ventral pathways to temporo-parietal and temporal areas.
Since letters have phonological but not (much) semantic content, this would explain why P3,
whose lesion was primarily in posterior VLPFC, was impaired in the sequencing of letters
but not colors or color names. Under this account, P3’s performance in the multi-word task,
which involved sequencing words with semantic content, might be explained by the fact that
the task required spoken language production and thus phonological sequencing. This line of
reasoning is admittedly speculative. For one thing, the evidence for stimulus-specificity in
the sequencing performance of P3 and P4 did not meet all tests for statistical reliability. A
summary of predictions and findings (Table 8) shows that neither a subdivision model based
solely on control signal nor one based just on type of representation can account for all of
the observed results. Future research should clarify how subdivision based on levels of
cognitive control may be reconciled with the possibility that anterior and posterior LPFC are
connected to different temporal/parietal areas and modulate the processing of different kinds
of linguistic representations.

The results from the current study bear on understanding how deficits to different
prefrontally mediated components might impact language production in aphasia. Damage to
premotor cortex is expected to impact the resolution of response-level competition. As such,
its effect on language production would be pervasive. The current study suggests that
response competition may be increased by the need to counter a primed order of responses
(as indicated by the multi-word priming results), but also by the simpler exigency of
ordering co-activated responses (as indicated by the sequence reproduction results). Thus,
patients with premotor lesions might be expected to have difficulty – in the form of
increased latencies and/or errors – in producing any multi-word utterance.

In contrast, lesions in anterior LPFC would be expected to produce the most constrained
production deficits. The current results suggest that patients with such lesions may not be
impaired whenever multiple responses have to be sequenced but only when the expected
order of responses is counter to a primed order. Thus, such patients may be predicted to have
selective difficulty in the production of non-canonical sentence structures like passives or
object-relatives.

We had previously suggested that patients with posterior VLPFC lesions might be impaired
specifically in sequencing or selection for position (Thothathiri et al., 2010). Patients P3 and
P4 were found to have deficits in the multi-word priming task despite good performance in
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producing single words. This hypothesis was consistent with other evidence linking
posterior VLPFC (BA 44/6) to sequencing operations (Gelfand & Bookheimer, 2003; Grewe
et al., 2006). In the current study, we disentangled the need for sequencing and the need to
override primed orders by testing patients on a new sequence reproduction task. Results
were surprising in that patient P3 showed a deficit in sequencing letters but not necessarily
colors or color names. One possibility, mentioned above, is that the proposed sequencing
mechanism supported by posterior LPFC might be specific to phonological representations.
If this were correct, patients like P3 might be expected to have deficits in producing spoken
multi-word utterances but not in ordering semantic representations using an alternate
modality e.g., ordering pictures or written words. Note however that any such spoken
production deficits are likely to be far subtler than those found in patients with speech
apraxia or non-fluent, agrammatic aphasia. Lesions to areas other than posterior LPFC have
been associated with speech articulation deficits (Dronkers, 1996). Not all patients with
VLPFC damage demonstrate non-fluent aphasia (Dick et al., 2001). Patient P3 himself was
anomic and had a high WAB fluency score. Thus, circumscribed lesions to posterior LPFC
alone might give rise to subtle deficits (e.g., in response latencies) and not obvious
disruptions during speech. Similarly, the multiword deficits observed in patients like P3 are
subtler than those observed in patients with dynamic aphasia (Robinson et al., 1998). While
the two types of patients might share deficits in selection amongst competing alternatives,
only the latter group exhibits dramatically reduced spontaneous speech. Future studies
should clarify the reasons for these differences.

The patients’ performance in the two sequencing tasks does not map in any obvious way to
their semantic and phonological STM scores. For example, patient P3 showed exaggerated
interference during the sequencing of letters, but his phonological STM was well within
normal range (Table 2). Conversely, patient P5 has possibly impaired semantic STM but did
not show heightened interference during the sequencing of color names (or other stimuli).
Thus, the link between receptive span scores and the production of semantic or phonological
sequences remains to be clarified.

We close with some caveats. The data reported in this paper come from four patients who
comprise a select case series in that their lesions were small, focal, and distributed along an
anterior-to-posterior axis within VLPFC. This select case series affords a rare opportunity to
map the control functions of LPFC; but at the same time, the small number of cases limits
the strength of conclusions. For one thing, the patients varied on dimensions other than
lesion location. These include age, overall lesion volume, and lesion volume within any
given brain region. The patients also may have differed in anatomical localization of
functionally relevant cytoarchitectonic regions (Amunts, Schleicher, Burgel, Mohlberg,
Uylings & Zilles, 1999) or in the manner or degree of recovery that might have resulted
from anatomically identical lesions.

A comparison between patients P3 and P4 illustrates these issues. Both patients have
damage to BA 44. P3 has additional damage to the junction of BA 44/6, while P4 has
additional damage to BA 45/47. We have suggested that P4’s numerically worse
performance than P3 in the multiword task could be explained by the additional damage to
her anterior VLPFC (a region hypothesized to be important for the episodic control and
semantic sequencing aspects of this task) while her numerically better performance than P3
in letter sequencing could be explained by the lower extent of damage to her posterior
VLPFC (a region hypothesized to be important for the contextual control and phonological
sequencing aspects of this task) (see “Anatomical Differences and Predictions” above.)
However, it is equally plausible that the differences between these two patients were due to
demographic factors (P4 was younger) or to variability in how the lesion to BA 44, which
they shared, impacted behavior.
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Caution is also warranted in interpreting the claims for subspecialization, which is likely to
be relative rather than absolute. Recent neuroimaging results indicate that the hypothesized
semantic-phonological distinction between anterior and posterior VLPFC is unlikely to be
all or nothing. Increased activation is observed within anterior VLPFC (BA 45/47) for
demanding semantic and phonological tasks, but there is relatively more activation for the
former (Gold, Balota, Kirchhoff & Buckner, 2005). Similarly, posterior portions within
VLPFC (BA 44 and BA 6) show increased activation for both semantic and phonological
tasks relative to a baseline, but also differences between the two tasks (Gold et al., 2005).
The sub-regions within VLPFC are part of a distributed network involving connections to
one another as well as to posterior brain regions. Nevertheless, it is important to investigate
possible relative subspecialization within VLPFC, which might help us to better understand
the source of different patients’ linguistic and cognitive deficits.

In conclusion, our results show an overall pattern that is consistent with prior hypotheses:
more posterior VLPFC damage leads to more pervasive deficits and possible specialization
for phonological representations while more anterior VLPFC damage leads to more
constrained deficits and possible specialization for semantic representations. As with all
small and select case series, it is important to confirm these observations in a new set of
patients.
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Highlights

• Patients with different frontal lesions show different sequencing deficits

• Partly consistent with anterior-posterior gradient of cognitive control

• Stimulus-specific deficits suggest additional sub-specialization
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Figure 1.
Red = P2; Yellow = P3; Green = P4; Blue = P5; Orange = overlap between P2 and P3;
Yellow+Green = overlap between P3 and P4; Blue+Green = overlap between P4 and P5.
Top: from left to right, medial to lateral sagittal slices at MNI X coordinates = −10, −20,
−30, −40 and −50. Bottom: from left to right, ventral to dorsal axial slices at MNI Z
coordinates = 0, 12, 24, 36 and 48.
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Figure 2.
Response latencies in the sequential and simultaneous conditions for the sequencing of
letters
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Figure 3.
Response latencies in the sequential and simultaneous conditions for the sequencing of
colors
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