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Semantic Encoding and Retrieval in the Left Inferior Prefrontal
Cortex: A Functional MRI Study of Task Difficulty and Process

Specificity
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Prefrontal cortical function was examined during semantic
encoding and repetition priming using functional magnetic
resonance imaging (fMRI), a noninvasive technique for lo-
calizing regional changes in blood oxygenation, a correlate
of neural activity. Words studied in a semantic (deep) en-
coding condition were better remembered than words stud-
ied in both easier and more difficult nonsemantic (shallow)
encoding conditions, with difficulty indexed by response
time. The left inferior prefrontal cortex (LIPC) (Brodmann’s
areas 45, 46, 47) showed increased activation during se-
mantic encoding relative to nonsemantic encoding regard-
less of the relative difficulty of the nonsemantic encoding
task. Therefore, LIPC activation appears to be related to
semantic encoding and not task difficulty. Semantic encod-
ing decisions are performed faster the second time words
are presented. This represents semantic repetition priming,
a facilitation in semantic processing for previously encod-
ed words that is not dependent on intentional recollection.
The same LIPC area activated during semantic encoding
showed decreased activation during repeated semantic en-
coding relative to initial semantic encoding of the same
words. This decrease in activation during repeated encod-
ing was process specific; it occurred when words were se-
mantically reprocessed but not when words were nonse-
mantically reprocessed. The results were apparent in both
individual and averaged functional maps. These findings
suggest that the LIPC is part of a semantic executive sys-
tem that contributes to the on-line retrieval of semantic in-
formation.

[Key words: functional magnetic resonance imaging
(fMRI), prefrontal cortex, semantic memory, implicit mem-
ory, area 8, executive functioning]

Encoding and retrieval constitute two discrete stages of memory.
Encoding refers to the processes operating at the time of learning
that determine what information is stored in long-term memory.
Different kinds of encoding lead to different kinds of storage.
For example, words are typically better remembered when en-
coded for meaning (semantic or “deep” encoding) rather than
for appearance (nonsemantic or ““shallow” encoding) (Craik and
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Lockhart, 1972). Retrieval refers to the recovery of previously
encoded information from long-term memory and can be mea-
sured explicitly, by measures of intentional recollection, or im-
plicitly, by measures of priming, conditioning, or skill learning
(Graf and Schacter, 1985). Priming reflects experience-based fa-
cilitation in performance with a stimulus that does not depend
on intentional recollection. For example, subjects make a se-
mantic encoding decision (e.g., is this word abstract?) more
quickly for a repeated than an initial presentation of a word
(Gabrieli, Desmond, Demb, Wagner, Stone, Vaidya, and Glover,
unpublished observations).

Functional magnetic resonance imaging (fMRI) and positron
emission tomography (PET) studies have indicated left inferior
prefrontal cortex (LIPC) involvement in semantic encoding. The
LIPC area (Brodmann’s areas 45, 46, 47), anterior to Broca’s
area, shows greater activation during semantic than nonsemantic
encoding (Gabrieli et al., unpublished observations; see Tulving
et al., 1994). In these studies, the semantic encoding tasks have
been more difficult than nonsemantic encoding tasks, with dif-
ficulty operationalized as the time required to perform an en-
coding task. This difference in difficulty has been shown directly
in two studies (Gabrieli et al., unpublished observations; Kapur
et al., 1994) and is likely to be the case in others. One goal of
the current study was to compare a semantic encoding task to
both less and more difficult nonsemantic encoding tasks, to in-
vestigate whether LIPC activation reflects semantic encoding or
encoding difficulty. If LIPC activation reflects semantic encod-
ing, it should be present during the semantic encoding task rel-
ative to both less and more difficult nonsemantic encoding tasks.

The same LIPC area that activates during semantic encoding
has also been implicated in semantic repetition priming. When
words were semantically encoded more than once, subjects en-
coded more quickly the second time (priming). There was a
corresponding decrease in LIPC activation for repeated relative
to initial semantic encoding (Gabrieli et al., unpublished obser-
vations; Raichle et al., 1994). The decreases in response time
and brain activation represent a word-specific effect; when novel
words were semantically encoded, behavioral responses and
LIPC activation returned to initial levels (Gabrieli et al., unpub-
lished observations; Raichle et al., 1994). However, it is un-
known whether decreased LIPC activation reflects a process-
specific change based on semantic reencoding, or rather a pro-
cess nonspecific change based on reexposure to words regardless
of the encoding process engaged. Therefore, a second goal was
to clarify the nature of the decreased LIPC activation during
repeated semantic encoding. If decreased LIPC activation is spe-



Figure 1. The location of the coronal slices analyzed in this study are
depicted as white lines on a sagittal localizer. The slices shown are 32
and 39 mm rostral to the anterior commissure (AC).” An additional third
slice, 46 mm rostral to the AC was acquired in three subjects in the
Process Specificity study (see Table 1).

cific to semantic processes, it should occur during repeated se-
mantic encoding but not during repeated nonsemantic encoding.

Materials and Methods

Behavioral study

The purpose of the behavioral study was to validate a difficult nonse-
mantic encoding condition to be used in the Task Difficulty fMRI ex-
periment. We predicted that this task would be more difficult than se-
mantic encoding (longer response time: RT), but would still lead to
lower subsequent memory performance than semantic encoding.

Subjects. The subjects were 16 volunteers from the Stanford com-
munity (ages 18-24) who participated for a $10 payment. All subjects
gave informed consent,

Materials. The stimuli were taken from a set of 240 abstract and 240
concrete 3-8-letter-long words. Four word lists, each containing four
blocks of 20 words each, were constructed with the constraint that in
each block 10 words were abstract (e.g., “"LOVE"™), 10 words were
concrete (e.g., “book™), 10 words were printed in uppercase letters, and
10 words were printed in lowercase letters. In addition, 10 words in
cach list had an ascending alphabetic relation between the first and last
letter (e.g., “CAR™, because “C” comes before “R™ alphabetically),
and 10 words had a descending relation (e.g.. “hope.” because “h”
comes after e’ alphabetically). Words in each set appeared in a pseu-
dorandom order with the constraints that no more than four abstract or
concrete words, no more than four uppercase or lowercase words, and
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no more than four ascending or descending words appeared consecu-
tively.

Procedure. Each subject performed two encoding experiments. Both
experiments compared a semantic encoding task, in which subjects had
to decide whether words were abstract or concrete (Abstract/Concrete
Task), with a nonsemantic encoding task. In the first experiment, sub-
jects alternately performed the semantic encoding task and a nonse-
mantic encoding task, in which subjects had to decide if words were
printed in uppercase or lowercase letters (Uppercase/Lowercase Task).
In the second experiment, subjects alternately performed the semantic
encoding task and a nonsemantic encoding task, in which subjects had
to decide if the first and last letter of each word were ascending or
descending alphabetically (Ascending/Descending Task). The semantic
encoding task required that subjects attend to word meaning, whereas
both nonsemantic encoding tasks required that subjects attend to word
features (i.e., letters).

Subjects saw four sets of 20 words presented consecutively. One
encoding task was performed on the first and third set and another task
was performed on the second and fourth set. Each pair of tasks consti-
tuted a cycle, so that two cycles were performed by each subject in
each experiment. An instruction card at the beginning of each set of 20
words (e.g., Task-Abstract) indicated the target for that set (e.g., abstract
words). Subjects were instructed to respond as quickly and as accurately
as possible to the indicated target by pressing a mouse button; they
were instructed to not respond to nontarget words. Words appeared cen-
trally on a computer monitor for a duration of 1 sec, followed by a 1
sec interval before the next word appeared. For each task, half of the
subjects responded to one kind of target (e.g., abstract or uppercase or
ascending) and half the subjects responded to the other kind of target
(e.g., concrete or lowercase or descending). Word orders were kept con-
stant across subjects, but the order of alternating encoding tasks was
counterbalanced across subjects. Thus, encoding tasks and responses
were counterbalanced across words. After each experiment. subjects
were given a recognition test, composed of 20 studied words, half of
which were presented in the Abstract/Concrete Task and half of which
were presented in either the Uppercase/Lowercase Task or the Ascend-
ing/Descending Task, and 20 new (foil) words in a random order. Words
appeared one at a time on a computer monitor and subjects were in-
structed to respond by pressing & mouse button if they thought the
words had been in the study list. Different foil words were used after
each encoding experiment, and all words appeared as studied words and
foil words equally often.

IMRI study

Subjects. The subjects were 10 right-handed volunteers (9 males) from
the Stanford community (ages 23-31) who participated for a $20-30
payment. Four subjects were scanned in the Task Difficulty Experiment,
and six subjects were scanned in the Process Specificity Experiment.
All subjects gave informed consent.

Materials. The tasks and materials in the fMRI study were used from
the encoding tasks described above with two changes. First, subjects
performed each task with eight alternating sets of words (four cycles)
instead of four alternating sets of words (two cycles). Second, subjects

Table 1. Experimental design

Experiment Task comparisons

Cognitive comparisons

Data acquisition

Task ditficulty Abstract/Concrete vs
Uppercase/Lowercase

Abstract/Concrete vs
Ascending/Descending

Abstract/Concrete (i) vs
Abstract/Concrete (r)

Process specificity

Uppercase/Lowercase (i) vs
Uppercase/Lowercase (r)

Semantic Encoding vs
Easy Nonsemantic Encoding
Semantic Encoding vs

Initial Nonsemantic Encoding

Two single slices (four subjects)

Difficult Nonsemantic Encoding
Initial Semantic Encoding

vs Repeated Semantic Encoding

(Semantic Repetition Priming)

Two single slices (two subjects)

Multi three-slice (three subjects)
Multi two-slice (one subject)

vs Repeated Nonsemantic Encoding

(Nonsemantic Repetition Priming)

Note: the (i) and (r) indicate the initial and repeated encoding of the same set of words, respectively. Coronal slices 32 mm and 39 mm rostral to the anterior
commissure (AC; Talairach and Tournoux, 1988) were acquired in all slice protocols. An additional coronal slice 46 mm rostral to the AC was acquired in the

multi three-slice protocol.
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Encoding task latencies and recognition results. @, Means of subjects’ median reaction times for making a decision in the Abstract/

Concrete Task (decide if a word is abstract or concrete), the Uppercase/Lowercase Task (decide if a word is printed in upper- or lowercase letters),
and the Ascending/Descending Task (decide if the alphabetic relationship between the first and last letter of a word is ascending or descending).
b, Mean percentages of corrected recognition (hits + correct rejections) for words studied in the three encoding conditions.

responded by pressing a pneumatic bulb rather than by pressing a mouse
button. Across subjects. encoding tasks and responses (e.g.. abstract or
concrete) were counterbalanced across words as described above. In the
Task Difficulty Experiment, different words appeared in each of the
eight word sets. In the Process Specificity Experiment, four unique word
sets were presented a first time (sets 1, 3, 5, and 7) and then a second
time (sets 2, 4, 6, and 8) in different orders (e.g., set 2 was a reordering
of set 1).

Procedure. Imaging was performed with a 1.5 T whole-body MRI
scanner (General Electric Medical Systems Signa, Rev. 5.3). For func-
tional imaging, two 5 inch diameter local receive coils were used for
signal amplification. Head movement was minimized by using a “bite-
bar” formed with each subject’s dental impression. A T2* sensitive
gradient echo spiral sequence (Meyer et al., 1992), which is relatively
insensitive to cardiac pulsatility motion artifacts (Noll et al., in press),
was used for functional imaging with parameters of TR = 75 msec, TE
= 40 msec, and flip angle = 23°, Twenty interleaves were obtained for
each image, with a total acquisition time of 1.5 sec per image. In the
Task Difficulty Experiment, two 7 mm thick slices (in-plane resolution
of 2.4 > 2.4 mm) were acquired separately in the coronal plane of
Talairach and Tourneaux (1988) at 32 mm and 39 mm rostral to the
anterior commissure (AC) (see Fig. 1). In the Process Specificity Ex-
periment. the same two slices were acquired in all six subjects: an
additional third slice, 46 mm rostral to the AC, was also acquired in
three subjects.

In the Task Difficulty Experiment, fMRI measurements were acquired

from one slice at a time, and this procedure was also used for two of

the subjects in the Process Specificity Experiment. For each of the re-
cordings, 224 images were acquired continuously every 1.5 sec over a
336 sec session. For the other four subjects in the Process Specificity
Experiment, a multislice sequence was used. For this sequence, a slice
at each prescribed location was obtained in a repeating order. So, for
example, if three slices were prescribed, slice acquisition would precede
as 1, 2, 3, 1, 2, 3, etc. With a constant slice acquisition rate of one
every 1.5 sec, the temporal spacing of a given slice in an n slice ac-
quisition was n X 1.5 sec. For three subjects in the Process Specificity
Experiment, a multi 3-slice acquisition was obtained so that each slice
contained 75 data points at a 4.5 sec temporal spacing. For one subject
in the Process Specificity Experiment, a multi 2-slice acquisition was
obtained so that each slice contained 112 data points at a 3 sec temporal
spacing (see Table 1). T1-weighted, flow compensated spin-warp anat-
omy images (TR = 500 msec., minimum TE) were acquired for all
sections that received functional scans, and pixels found to be signifi-
cantly activated during the functional scan were overlaid on these struc-
tural images.

For subjects in the Task Difficulty Experiment, scanning was per-
formed separately during two conditions. In the first condition, they
performed the Abstract/Concrete Task or the Uppercase/Lowercase Task
on alternating sets of words (four cycles), and in the second condition
they performed the Abstract/Concrete Task or the Ascending/Descend-
ing Task on alternating sets of words (four cycles) (Table 1). The two
conditions were performed in that order, and recordings were made first
in the posterior slice and then in the anterior slice.

Subjects in the Process Specificity Experiment were also scanned

—3

Figure 3.

Individual fMRI activations for one subject in the Task Difficulty Experiment and one subject in the Process Specificity Experiment.

Greater fMRI activation during semantic encoding (Abstract/Concrete Task) relative to easy nonsemantic encoding (Uppercase/Lowercase Task)
(upper row, left side) and during semantic encoding relative to difficult nonsemantic encoding (Ascending/Descending Task) (upper row, right side).
Decreased fMRI activation during repeated relative to initial semantic encoding (semantic repetition priming) (lower row, left side) and during
repeated relative to initial nonsemantic encoding (nonsemantic repetition priming) (lower row, right side). Left side of image corresponds to left
side of brain. Slices from both subjects are coronal sections. 39 mm rostral to the AC (Talairach and Tournoux, 1988). The color scale indicates all
r values between the minimum r threshold needed to reach statistical significance (p < 0.01, one-tailed) (min) and the maximum r value in that
slice (max).
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during two conditions. In the first condition, they performed the Ab-
stract/Concrete Task on initially presented and repeated words (four
cycles), and then they performed the Uppercase/Lowercase Task on ini-
tially presented and repeated words (four cycles) (Table 1). Subjects
scanned in the single slice protocol performed the experiments sepa-
rately in both slices as described above. Subjects scanned in the mul-
tislice protocols performed each experiment only once.

Stimuli were generated from a computer and back-projected onto a
screen located above the subject’s neck via a magnet-compatible pro-
jector; visual images were viewed from a mirror mounted above the
subject’s head. Subjects were asked to respond by pressing a pneumatic
bulb in response to either concrete or abstract words during the Ab-
stract/Concrete Task, to either upper or lower case words during the
Uppercase/Lowercase Task, and to either ascending or descending
words during the Ascending/Descending Task.

Data analysis. Image reconstruction was performed off-line by trans-
ferring the raw data to a Sun SparcStation. A gridding algorithm was
employed to resample the raw data into a Cartesian matrix prior to
processing with 2d FFT. Once individual images were reconstructed,
time-series of each pixel were obtained and cross-correlation methods
that take advantage of periodically oscillating paradigms were used to
analyze functional activation. Because a considerable amount of arti-
factual signal that occurs over time is due to events that are random
with respect to the timing of the activation paradigm (e.g., pulsatile
effects from blood, CSE or brain movement), cross-correlations of the
pixel responses over time with a reference function that represents the
timing of the expected activation (based upon the timing of stimulus
presentation) can be used to remove artifacts (Bandettini et al., 1993;
Lee et al., in press). Analyses were performed by first removing linear
slopes that occurred over the entire scan. The Pearson correlation of the
time-series for each pixel was then computed with respect to a sinu-
soidal reference waveform. The same reference waveform was used for
each pixel. The frequency of the reference function was computed from
the number of task cycles divided by the total time of the experiment.
For the present study, one task cycle consisted of either a block of
semantic and a block of nonsemantic encoding (Task Difficulty Exper-
iment) or a block of initial and a block of repeated encoding (Process
Specificity Experiment). Because four of these cycles were presented
over a 336 sec scan, the target frequency was ~0.012 Hz. A correlation
with a sine (r,) and with a cosine (r.) function was computed, which
allows the temporal phase of the correlated time-series to be computed

by the expression
b, = tan*'<ﬁ>
r.

and the correlation magnitude by the expression

r,= Vr:+

m

To construct functional activation maps, pixels overlaying the brain that
satisfied the criteria of: (1) r,, > T, where T is the threshold for statistical
significance at p < 0.01 (one-tailed) (for single slice protocol with N
= 224, T = 0.155, for the multi 2-slice protocol with N = 112, T =
0.220, and for the multi 3-slice protocol with N = 75, T = 0.268). In
one slice of one subject, there was a source of artifact (e.g., head mo-
tion) in the first task cycle, so the correlations were recomputed with
the last three cycles (N = 168) using an adjusted r threshold (T =
0.171); and (2) phase lag in, or within 2 standard errors of, an estimated
3-9 sec hemodynamic delay window (with a cycle duration of 84 sec,
3-9 sec corresponds to 12.9-38.6°). The standard deviation of the phase
in radians can be calculated as follows (Lee et al., in press):

(1-n 1
Oy =~ E——
e N—-3

From this expression, the standard error of the phase was estimated
to be approximately 10.4° in all experiments. Thus, a phase range of
—8° to +59° (with respect to a sine wave) was used in conjunction with
criterion (1) to select functionally relevant pixels. This phase range was
used to image correlated pixels in the parenchyma that responded a few
seconds after task onset. Correlated pixels with longer phase lags tended
to appear in larger vessels consistent with the notion that a lag in tem-
poral response is characteristic of larger, draining veins (Lee et al., in
press). This map was processed with a median filter with spatial width
= 2 to emphasize spatially coberent patterns of activation. The filter
was used based on the assumption that spuriously correlated pixels (i.e.,

false positives due to type T errors) are less likely to occur in clusters
than genuinely correlated pixels, and thus clusters of correlated pixels
are more likely to reflect an active region. The resulting map was over-
laid on a T1-weighted structural image. For the Task Difficulty Exper-
iment, the phase lag window chosen reflected pixel values that increased
during the Abstract/Concrete Task and decreased during either the Up-
percase/Lowercase Task or the Ascending/Descending Task. [This phase
window identifies pixels that increase during the Abstract/Concrete Task
and decrease during the control task only when the Abstract/Concrete
Task occurs first. Because order of task presentation was counterbal-
anced, a phase window that was shifted by 180° (i.e., 172° to 239°) was
used when the Abstract/Concrete Task occurred second.] For the Pro-
cess Specificity Experiment, the phase lag window reflected pixels val-
ues that increased during initial and decreased during repeated encoding-
in the Abstract/Concrete Task or the Uppercase/Lowercase Task.

To obtain composite maps of activation over all subjects, averaged
functional activation maps for both experiments were created by trans-
forming the coronal sections 32 and 39 mm rostral to the AC from
every subject to a common standardized coronal section (Talairach and
Tourneaux, 1988), 35 mm rostral to the AC (see Desmond et al., 1995).
Significant correlation values from each slice were transformed into a
proportion of the maximum correlation value in that slice. This nor-
malization allows for comparisons across slices and across subjects.
Also, this normalization was necessary because the r threshold varied
depending on the functional protocol in the Process Specificity Exper-
iment (see above). The averaged functional activation maps represent
normalized correlation-weighted sums across subjects. The same color
scale applies to all averaged images to allow for comparisons of cor-
relation magnitude across experiments.

Results

Behavioral study

The mean of subjects’ median reaction times were calculated for
the three encoding tasks (Fig. 2). Initial analyses showed that
response times in the Abstract/Concrete Task did not differ in
the two encoding comparisons [¢ (15) = 0.26, p = 0.80], so the
data from this task were combined for subsequent analyses. A
repeated measures analysis of variance (ANOVA) showed that
response latencies differed among the three encoding conditions
[F (1,15) = 115.52, p < 0.0001]. Subjects responded more
quickly in the Uppercase/Lowercase Task (M = 465 msec, SD
= 60) than in the Abstract/Concrete Task (M = 704 msec, SD
= 56), [t (15) = 12.79, p < 0.0001] or the Ascending/Descend-
ing Task (M = 925 msec, SD = 133), [r (15) = 13.16, p <
0.0001]. In addition, subjects responded more quickly in the
Abstract/Concrete Task than in the Ascending/Descending Task
[r (15) = 6.43, p < 0.0001].

Percent correct on the recognition test (hits + correct rejec-
tions) was calculated for words studied in the three encoding
tasks (Fig. 2). Initial analyses showed that percent correct for
words studied in the Abstract/Concrete Task did not differ in the
two encoding comparisons [t (15) = 0.09, p = 0.93], so data
were combined in subsequent analyses. A repeated measures
ANOVA showed that recognition performance differed for
words studied in the three encoding conditions [F (1,15) =
28.89, p < 0.0001]. Accuracy was higher for words encoded in
the Abstract/Concrete Task (M = 85.8%, SD = 9.3%) than in
the Uppercase/Lowercase Task (M = 56.9%, SD = 19%), [t (15)
= 5.57, p < 0.0001] or the Ascending/Descending Task (M =
48.2%, SD = 22.2%), [t (15) = 7.91, p < 0.0001]. Recognition
accuracy did not differ between the Uppercase/Lowercase and
the Ascending/Descending Tasks [f(15) = 1.56, p > 0.10].

Imaging study

In the Task Difficulty Experiment, all four subjects showed sig-
nificant areas of increased LIPC activation during the Abstract/
Concrete Task relative to the Uppercase/Lowercase Task (Figs.



3, 4; Semantic Encoding vs Easy Nonsemantic), consistent with
our previous findings (Gabrieli et al., unpublished observations).
Peak areas of activation in individual slices were most often in
the left inferior frontal sulcus (LIFS) and in the left inferior
frontal gyrus (LIFG), with correlation values as high as r =
0.648 in the LIFS. In some slices, activation was observed also
in area 8 of the left superior frontal gyrus (LSFG) and in area
10. Bilateral LIPC activation was present in some subjects, al-
though in these cases the left-sided activation was usually stron-
ger (i.e., higher correlations). The averaged functional map
showed that the areas of highest activation occurred in regions
of the LIFG and LIFS, corresponding to Brodmann’s areas 45,
46, and 47, as well as area 8 of the LSFG.

In the second comparison of the Task Difficulty Experiment,
the same four subjects showed similar areas of increased LIPC
activation during the Abstract/Concrete Task relative to the As-
cending/Descending Task (Figs. 3, 4; Semantic Encoding vs Dif-
ficult Nonsemantic). Individual slice activation was predomi-
nately found in the LIFS and LIFG, with peak activations as
high as r = 0.722 in the LIFS. Again, there was evidence of
areas of activation in areas 8 and 10. The overall pattern of
activation appeared slightly more lateralized than it was in the
previous comparison. The averaged functional map showed
maximum overlap in the same LIPC regions described above
(Brodmann’s areas 45, 46, and 47), as well as area 8 of the
LSFG.

In the Process Specificity Experiment, five of six subjects
showed decreased activation in the LIPC during repeated rela-
tive to initial processing of words in the Abstract/Concrete Task
(Figs. 3, 4; Semantic Repetition Priming), consistent with our
previous findings (Gabrieli et al., unpublished observations).
One subject (multi 3-slice protocol) did not show areas of acti-
vation in any comparison, and was dropped from further anal-
yses. The other five subjects showed decreased areas of activa-
tion during repeated semantic encoding in the LIFG and LIFS
(Brodmann’s areas 45, 46, and 47), with magnitudes as high as
r = 0.501 in the LIFS. This pattern of activation was strongly
left-lateralized with only a few cases of bilateral activation, and
here the activation on the right side was always weaker than it
was on the left. There were also areas of the LSFG (area 8) in
four subjects that showed decreased activation during repeated
encoding. The third slice (46 mm rostral to AC) acquired in two
of the five subjects showed a rostral extension of this dorsal
activation. The averaged functional map showed the greatest
overlaps in decreased activation during repeated semantic en-
coding in areas of the LIFG and LIFS, corresponding to Brod-
mann’s areas 45, 46, and 47. Also, there was a considerable
overlap in area & of the LSFG.

There were no consistent areas of decreased activation during
repeated relative to initial nonsemantic encoding of words in the
Uppercase/Lowercase Task (Figs. 3, 4; Nonsemantic Repetition
Priming). The individual slices and the averaged functional map
showed low magnitude correlations with no consistency across
subjects.

Discussion

Task difficulty

The goal of the Task Difficulty study was to examine whether
LIPC activation during semantic encoding observed in PET and
fMRI studies reflects semantic processing or task difficulty. The
critical comparison was a semantic encoding condition versus a
more difficult nonsemantic encoding condition. If similar areas
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of LIPC show activation during semantic encoding relative to
difficult nonsemantic encoding as well as easy nonsemantic en-
coding, then these areas probably correspond to the processes
involved in semantic encoding rather than task difficulty.

The behavioral study confirmed that the Ascending/Descend-
ing Task was more difficult (i.e., took longer to perform) than
the Abstract/Concrete Task, and that both of these tasks were
more difficult than the Uppercase/Lowercase Task. Therefore,
the Ascending/Descending Task represents difficult nonsemantic
encoding and the Uppercase/Lowercase Task represents easy
nonsemantic encoding. Recognition was better for words studied
in the Abstract/Concrete Task than for words studied in either
the Ascending/Descending Task or the Uppercase/Lowercase
Task; words studied in the latter two conditions were remem-
bered similarly. This confirms the finding that semantic encoding
yields better recognition performance than nonsemantic encod-
ing (Craik and Lockhart, 1972) even when nonsemantic encod-
ing is more difficult than semantic encoding (Craik and Tulving,
1975).

The fMRI study demonstrated that the same LIPC area
showed increased activation during semantic encoding relative
to both an easier and a more difficult nonsemantic encoding task.
This was evident in each individual subject and in the averaged
functional activation map (Figs. 3, 4). The direct functional over-
lap between these two areas of activation strongly suggests that
LIPC activation is related to the processes engaged in semantic
encoding and not task difficulty. (A task difficulty explanation
predicts greater LIPC activation for a more difficult nonsemantic
task than a semantic task, the opposite of what was found.) Also,
both comparisons showed semantic encoding activation in area
8 of the LSFG. This area may be part of a larger network that
interacts with the LIPC during semantic processing (Demonet et
al., 1992; Mazoyer et al., 1993).

The LIPC result has implications for other findings of acti-
vation during semantic processing. Several PET and fMRI stud-
ies have compared verb generation, in which subjects generate
an appropriate verb to a given noun (e.g., cake-eat), with noun
repetition. There was greater LIPC activation during verb gen-
eration than noun repetition (Petersen et al., 1988, 1989; Mc-
Carthy et al., 1993; Raichle et al., 1994). This comparison may
be interpreted as a semantic/nonsemantic encoding comparison
because words in the verb generation condition are subsequently
remembered better than words in a noun repetition condition
(Tulving et al., 1994), presumably because of the semantic elab-
oration required to produce a related word. However, generating
verbs is also more difficult than simply reading nouns. The re-
sults of the present study suggest that activation during verb
generation is related to semantic processes rather than task dif-
ficulty.

Process specificity

The goal of the Process Specificity study was to determine
whether decreased LIPC activation during repeated semantic en-
coding of words (Gabrieli et al., unpublished observations) is
process specific, that is, whether it reflect the repetition of se-
mantic encoding processes or the mere repetition of words re-
gardless of how the words are processed. The fMRI study
showed decreased LIPC activation during repeated relative to
initial semantic encoding of words, but there was no decreased
LIPC activation during repeated relative to initial nonsemantic
encoding of words. This was evident in five of six subjects and
in the averaged functional activation map (Figs. 3, 4), suggesting
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that facilitation in processing during repeated semantic encoding
(Gabrieli et al., unpublished observations) reflects a process-spe-
cific change rather than a consequence of mere repeated expo-
sure to words. There was also activation in area 8 of the LSFG
in four of six subjects that showed the same pattern as the LIPC
activation. This decrease during semantic reencoding reflects an
implicit retrieval of the previous encoding experience with the
same words.

Because facilitation of processing is correlated with decreased
fMRI activation, a plausible interpretation is that repeated se-
mantic processing requires less neuronal activity relative to ini-
tial processing. This type of decreased response to the process-
ing of repeated stimuli has been reported at the single cell level
in monkeys performing an object working memory task (Miller
et al., 1993; Miller and Desimone, 1994). Decreased firing to
repeated stimuli has also been observed across working memory
trials, which suggests that this effect is present in both short-
term and long-term memory (Li et al., 1993). In these studies,
cells in extrastriate regions of the temporal lobe fired less during
repeated relative to initial stimulus presentation.

The LIPC locus of decreased activation during repeated se-
mantic encoding in the Process Specificity Experiment was sim-
ilar to the LIPC locus of increased activation during semantic
encoding in the Task Difficulty Experiment. We have found sim-
ilar patterns of overlapping activation within the same subjects
(Gabrieli et al., unpublished observations). The colocalization of
this area suggests that a common neural network may (1) se-
mantically encode incoming verbal information and (2) require
less neural computation during the repeated semantic encoding
of that information. This facilitation is displayed at a behavioral
level as decreased RT, and at a neuronal level as decreased ac-
tivation. A previous PET study reported similar decreases in
response time and LIPC activation during practiced verb gen-
eration relative to initial verb generation with the same stimuli
(Raichle et al., 1994). Raichle et al. attributed the decreased
LIPC activation to enhanced verbal response selection. However,
the current study found decreased LIPC activation even though
no verbal response was required by the semantic task. Thus, the
decreased activation may reflect more efficient access to recently
processed semantic information rather than an ease in verbal
response selection per se.

In a PET study, Squire et al. (1992) reported a perceptual
repetition priming response in the right occipital lobe (Marsolek
et al., 1993). In that study, subjects generated words to word
stems (e.g., MOT_—) that could be completed with recently seen
words (e.g., MOTEL). Normal subjects as well as patients with
global amnesia show a tendency to complete word stems with
previously seen words relative to other completions (e.g.,
MOTHER) (Warrington and Weiskrantz, 1968; Graf et al.,
1984). Squire et al. (1992) reported decreased activation during
priming in right occipital areas that were initially activated dur-
ing a baseline condition in which subjects completed baseline
(unstudied) stems (Buckner et al., 1995). The decreased LIPC
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activation in the current study during repeated semantic encod-
ing can be termed semantic (conceptual) implicit retrieval, an
experience-based facilitation in semantic processing that does
not depend on intentional recollection (Blaxton, 1989; Keane et
al., 1991; Gabrieli et al., 1995). There may be a right occipital
memory system that participates in perceptual implicit memory
(Squire et al., 1992; Marsolek et al., 1993; Gabrieli et al., 1995),
and a left inferior prefrontal memory system that participates in
semantic implicit memory (Gabrieli et al., unpublished obser-
vations). Both expressions of implicit memory are represented
by decreased activation in the same brain areas involved in ini-
tial task processing.

Theoretical implications

In the current study, the Semantic Encoding Task required on-
line access to semantic information not present in the stimulus
display. The LIPC may act as a Semantic Executive System
(SES) that can perform this on-line access, similar to executive
systems in models of working memory (Baddeley, 1986; Gold-
man-Rakic, 1987). Typically, working memory models include
an executive system in regions of the frontal lobe, and a short-
term buffer, or “‘slave system” in posterior cortical areas. In the
monkey, object and spatial working memory appear to have do-
main-specific frontal executive systems with storage buffers in
the temporal or parietal lobe, respectively (Funahashi et al.,
1989; Goldman-Rakic et al., 1987; Wilson et al., 1993). In the
human, functional imaging studies have suggest that spatial and
verbal working memory may have frontal executive systems
with storage buffers in posterior areas (Jonides et al., 1993; Pau-
lesu et al., 1993; Cohen et al., 1994; McCarthy et al., 1994).
The primary difference between models of working memory and
the current model is that the SES may not be paired with a
“slave system” that stores domain-specific information for a
short period (e.g., 5-7 sec). Instead, this system may be involved
in the on-line access to information in a long-term semantic store
(i.e., word meaning). The proximity to Broca’s area suggests that
the LIPC may be important for semantic processing during
speech output. We found that increased prefrontal activation dur-
ing our semantic task was lateralized to the side of speech dom-
inance in Wada-tested patients (Desmond et al., in press). This
area, however, is functionally distinct from Broca’s area: seman-
tic processing tasks may cause activation in this area whereas
lower-level verbal processes do not (Petersen et al., 1988, 1989,
1990; Abdullaev and Bechtereva, 1993),
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