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This study was designed to test the various proposed
explanations (semantic processing, willed action, pro-
duction of a spoken response) for the unilateral activation
of the left prefrontal cortex noted in PET studics of verbal
processing. Twenty subjects underwent “O-water PET
scans while undertaking a lexical task (detecting the letter
‘a’ in visually presented words) and a semantic task {cate-
gorizing nouns into living/non-living). The semantic task
resulted in a significant unilateral left dorsolateral pre-
frontal activation. This finding suggests that the left
inferior prefrontal cortex is the anatomical region
involved in ‘working with meaning’, and that the acti-
vation does not reflect willed action, is not task-specific
and is not attributable to the requircments of a spoken
response.
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Introduction

Positron  emission  tomography  (PET), using
“(-water as a tracer, has provided an important means
of investigating the neural correlates of cognitive pro-
cesses, especially the processing of verbal marenals.
Most PET studies requiring a meaningful analvsis of
verbal matenial have shown a unilateral acuvanon of
the left dorsolateral prefrontal cortex (DLPFC).-
Explanations for this finding fall into two broad cate-
gories. One, proposed by Petersen and colleagues,'*
holds that the DLPFC activity reflects a specific cogni-
tive process, namely the use of the semanuc infor-
mation contained within the stimulus. The other,
proposed by Frith and colleagues,” claims that the
acuvation as observed in verbal processing tasks, is a
specific nstance of a more general strategy called
‘willed action’ (a task requires willed action when the
response 15 ‘not completely specified by the sumulus’,
regardless of the nature of the sumulus).** In addition
to these two explanations 1t has been argued that the
left DLPFC activation in verbal processing tasks may
be related to the requirement of producing an overt
spoken response*” and may be unique to the verb-
generation paradigm and not related to semantic pro-
cessing per se."

The present study was designed to compare the dif-
ferent explanations for the DLPFC activation. First, 1o
distinguish between semantic processing'* and willed
action explanations,** we designed the tasks such that
they differed in their semantic processing require-
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ments, but did not differ along the willed-action
dimension. Second, since most previous studies-5¢
required a spoken response, and it has been suggested
that the left DLPFC activation seen in the semanric
task may be a response-modality dependent acu-
vation,™ we chose to use a hand-held mouse-click as a
response mode. Third, to investigate whether the acti-
vation was unique to the specific task of verb-gener-
ation, and not to more general semantic processing per
se,*” the present study used word categorization. This
requires semantic processing but is distinct from the
verb-generation task. Fourth, in some of the previous
studies the perceptual input was not identical across
the comparison tasks,? or the rate of response gener-
ation varied across the two tasks.* In this study the
semantic and the non-semantic tasks were identical in
terms of input—output characteristics.

Material and Methods

Twenty right-handed healthy men (age range 2145
vears) participated in the study. The subjects provided
informed consent and the experiment was conducted
as approved by the Human Subject Use Committee of
the University of Toronto. Twelve of these subjects
also participated in a memory experiment after the
PET SCAnming, the results of which have been presented
clsewhere.” Subjects were screened to ensure that none
suffered from a major medical, neurological or psychi-
atric disorder. Each subject undertook three rasks: a
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non-verbal baseline task and rwo tasks with verbal
stimuli. In both verbal tasks subjects were presented
with words (3-7 letters long) on a computer screen
{white lowercase letters on a black screen; 60 cm in
front of the eves, perpendicular to the line of sight).
The words were centred on a central fixation point and
appeared for 500 ms, one every 1.5 s with 80 in cach
task. The subjects were instructed to inspect each word
and convey a decision via the click of a computer
mouse held in their right hand. In the lexical rask sub-
jects decided if the word contained the leteer *a"; half of
the words contained the letter *a". In the semantic 1ask
subjects decided if the referent of the word was living
or non-hving; equal number of words belonged 1o each
category. In the baseline task arrows, instead of words,
appeared at the fixation point at the same rate as the
verbal tasks. The arrows pointed to the left or rightina
random order and the subject had to click the appropri-
ate mouse-button, This condition served as a non-ver-
bal control for the attention and response requirements
of the above semantic and lexical tasks and was
included to discern those regions which were equally
involved in both the lexical and semantic tasks. Each
subject undertook one trial of the baseline task and two
trials cach of the semantic and lexical tasks.

Subjeets were scanned using a GEMS-5canditronix
PC-2048 head scanner (15 shices, 6.5 mm apart inplane
FWHM = 53— mm, bed posinon unchanged between
scans in an individualt with a thermoplastic custom-
fitted face-mask tor head stabilization. Scans were
done using 42 mCi of “U-warer injected into a left
torcarm vem through an indwelling catherer. The task
began 45 s prior 1o the 62 < PET data acquisiton. The
scans were Tl min apart. The images were attenuation-
corrected and reconstructed using a Hanning filter.
Inteprated regonal counts were used as an index of
regional cercbral blood flow.' PET scans were ana-
lvsed using statsucal parametic mapping (SPM)- wath
ratie-transtormanon mstead of the analvsis of covari-
ance t account tor the vananon in global blood flow,
The steps involved were: stereotactic reorientation of
the images along the bi-commussural (AC-PC) liney
plastic transtormaton of these images using a non-lin-
ear resampling techmique o correct for anatomical
varanee across subject;” smoothing ot the images
using a 22 mm tfilter in the ¥ and v dimensions and a
12 mm nilter in the 2 dimension.” Global difterences in
integrated counts across scans were corrected using a
ratio normalization.” The scans of different rasks were
compared with cach ather on a pixel by pixel basis, and
the stavstucal significance of anv difterences was
assessed by comparing the magnitude of the difterence
ata pixel with the error vanance at that parucular pixel.
The resulting map of the t-statistic at cach pixel consti-
tutes the SPM.Y The SPM analvsis extended from
20 mm below the bi-commissural line to 40 mm above.
To mimimize Tvpe [ errors the overall significance of a
given comparison was assessed by companing the toral
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number of pixels where the -statistic was significant at
P < 0.005, to the number of such pixels expected by
chance, using a y* distribution. The results of the com-
parison were reported only if the x* statistic was sig-
nificant at p < 0.001. The results are presented with
reference to Talairach and Tournoux co-ordinates.”
However, it should be pointed out that even though
foci of acuvanon are cited with millimerric resolution,
due to the intersubject averaging and the smoothing fil-
ters applied to the images to increase the signal to noise
ratio, the activity at any given point represents a
weighted average of the activity in a sphere 20 mm in
diameter centred around that pixel.

Results

Subjects performed all the tasks with high accuracy:
baseline task, 99% correct; lexical tasks, 96.6% correct;
semantic task, 94.6% correct (F,,,, = 14; all tasks sig-
nificantly different at p = 0.05). Subjects’ responses
were fastest in the baseline task (mean response
time = 526 ms); followed by the lexical task (mean
response time = 918 ms); and the semantic task {mean
response time = 965 ms) (F,,, = 203; all tasks signifi-
cantly different at p = 0.05).

Subtraction of the images of the lexical task from the
semantic task showed a significant difference in the left
dorsolateral prefrontal cortex (Fig. 1a; Table 1). This
activation coincided mainly with the inferior frontal
gvrus extending from Brodmann’s areas 47 and 10 atits
antero-inferior end to Brodmann's areas 45 and 46 at its
postera-superior extremity. Subtraction of the seman-
tic task from the lexical task revealed a significant dif-
ference posteriorly in the bilateral precuneus regions
and bilateral inferior occipito-temporal region (Fig. 1b;
Table 1). The baseline task was included to assess those
regions which were activated in both the semantic and
the lexical task, and hence would be missed in a direct
comparison. Both the semantic as well as the lexical
task, compared with the baseline task, activated the
bilateral striate and extrastriate occipital cortex, the left
inferior temporal cortex, bilateral inferior panietal cor-
tex and the left motor strip. The activations in these
regions were similar and therefore did not show any
difterences in the direct comparison of the semantic
and the lexical task.

Discussion

Consistent with previous reports'>** we also found
acuivation in the left dorsolateral prefrontal cortex.
Our comparison tasks do not differ in their willed
action requirements as in both tasks the response was
completely and unambiguously specified by the stimu-
lus. Therefore, the observed activation of the left
DLPFC in the semantic task i1s not readily attriburable
to willed action? Furthermore, the observed left
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FI1G. 1. Brawn regrons which showed an increased rCBF in the semantic minus lexical (a) and lexical minus semantic task (b) at p < 0.005. The results
are projected in three two-dimensional planes as seen from above (transverse projection, "R’ signifies right side, VAC s a vertical ling through the
amernor commissure. VPC is a vertical line through the postenior commissure); as seen from the side (sagittal projection, frontal regions to the
nighl, occipatal 1o the left); and as seen from bemind icoronal projection, ‘R’ signifies right side). The superimposed doned grid represents Talairach
and Tournoux coordinate space. A sohd vertical ine through the anterior commissure (VAC); a solid vertical line through the posterior commissure
IWPC) and a sobd line through the antencr commissure and the posterior commissure imarked by & '0° in the margin} 15 provided for onentation.,

DLPFC actuvation 1s not spu:u:iﬁc to the verb-gener-
ation paradigm and a spoken responsc s not a necess-
arv condition for the acuvauon.

Huow then, should one best understand the observed
left DLPFC acnons® Qur present report, as well as
other recent studies which have activated the left
DLPFC withour anv willed action requirements,™ "
retute a general stratege explanation hike willed action.
Because categonzanon judgments in our semantic task
required access to and utilization of the meaning of
the word in a wav that the "a’-detection 1ask did not,
our indings agree with the suggestions of Petersen and
colleagues  that the letr DLPEC is involved in the
processing of semantic information. Based on work

Table 1 Theregions which showed sigrilicant diference in the seman
Hig task mings the igacal 1ask, and lgxical task minus (he semantic task

Region IBrodmann's area Representative  Z-score
wiEeEl
Semanic minus lExCal Lass
Leh gorsolateral prelrontal cores 30 -30 -4 az
145 46 47 10 =37 -34 39
=38 26 12 36
=38 22 20 49
Lexical minys semantic task
Bilateral precuneus region (23, 31 10 -52 20 39
-20 -6 24 33
Bulal Lat occipalo-temporal region
(18, 19,37 34 -850 -a 36
-30 -7H -4 34

For gach companson The activated regions are given an anatomical
name and Eroadmann's areas based on the Talarach atias The Taul
rach co-ordinates La. y. 7 mm, left s negativel of representalive vox
eis along with the Z-$core of Ihe standardiped 1-51atistic at the poant are
proviged tor relerence Sance the activabions were volumelinc, the
complete extent of the activahions s best appreciated wath reference to
Figure 1

with primares, Goldman-Rakic' has suggested that a
central role of the dorsolateral prefrontal cortex is 1o
manipulate representational knowledge to achieve a
certain goal. Different anatomical regions of the pre-
trontal cortex carry out similar processes, but are spe-
cialized to work with different domains of
information.” In keeping with this view of prefrontal
functioning, and consistent with the left lateralization
of linguistic function in humans, we think of the left
DLPFC as a region of the brain specialized for manip-
ulaung semantic representations or ‘working with
meaning’, to reach a goal within an instructional
CONLExL.

Given such a role, lesions in the activated regions
would not affect the comprehension of verbal material
but would impair the ability to use verbal informaton
in a goal-related context. Deficits in categorial verbal
fluency and symptoms of transcortical motor aphasia
seen in patients with lesions of these areas are compat-
ible with such a role."** More recently, Stuss and col-
leagues,” inastudy of memory performance in patients
with focal frontal lesion, have demonstrated a specific
role for the left dorsolateral frontal regions in the
organizatuon of and access to semantic material.

While “working with meaning’ characterizes the role
of the lefr dorsolateral prefrontal cortex in verbal pro-
cessing, this function can be further fracrionated into
component cognitive processes reflecting semantic
access, manipulation of the representation in context of
the instructions and mapping the response on to an
output system. At this stage 1t is unclear if these are the
correct component processes, and if so, which pro-
cesses best reflects the prefrontal contribution.
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Furthermore, the same region of the left dorsolateral
prefrontal cortex that seems to be involved in verbal
processing has also been activated in non-verbal motor
tasks suggestng that this region subserves more than
just ‘working with meaning'?

Other important observations need to be high-
lighted. First, we observed a small, yet significant acti-
vation of the left prefrontal cortex in the lexical task,
compared with the lexical baseline, in Brodmann's
areas 45 and 46. This activation was restricted to a small
region in the postero-superior extent of the activation
observed in the semantic task over the baseline task, A
similar activation has also been observed by Petersen™
in silent viewing of words when there were no explicit
instructions to utilize the meaning of the word. It is
speculated that this activation represents an involun-
tarv engagement of the prefrontal cortex.™ Second,
when compared with the semanuc task, the lexical task
shows a significant increase in the bilateral precuneus
regions and bilaterally in the inferior lateral occipito-
temporal region. The precuncus region has been impli-
cated in spatial imagerv’ and the infero-lateral
occipito-temporal region 1s considered important in
object recognition.” The observed increase in these
regions in the lexical task (compared with the semantic
task) mav be related to the scarch for letter “a" under-
taken in the lexical task. Third, there were robust
decreases in the semantic task, compared with the base-
line task. bilaterally in the posterior aspects of the
superior and middle temporal gvrus. This is similar to
the decreases observed by other groups.** The signifi-
cance and correct interpretation of these decreases is
not clear. It has been suggested that these decreases
mav reflect a shitt in attention awayv from the
unattended modalines.”

Conclusion

The left DLPFC activation in tasks requiring mean-
ingful analvsis of words 1s a reliable observanion. We
have shown that a general strategic explanation hike
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‘willed action’ is not necessary to explain these acti-
vations. The left DLPFC activation can be observed
using paradigms other than verb-generation and the
activations are not dependent on the response
modaliry. In keeping with the overall view of the pre-
frontal cortex as involved in working with represen-
tational knowledge, we propose that the left
dorsolateral region of the prefrontal cortex is a region
involved in ‘working with meaning’ of a sumulus 1o
reach a goal in an instructional context.
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