Neurolmage 10, 45-54 (1999)

Article ID nimg.1999.0446, available online at http://www.idealibrary.com on IDE %|.®

Effective Auditory—Verbal Encoding Activates the Left Prefrontal and the
Medial Temporal Lobes: A Generalization to llliterate Subjects

Karl Magnus Petersson,* Alexandra Reis,t Alexandre Castro-Caldas,T and Martin Ingvar*

*Cognitive Neurophysiology R2-01, Department of Clinical Neuroscience, Karolinska Institute, Karolinska Hospital, 171 76 Stockholm,
Sweden; and tLanguage Laboratory, Centro de Estudos Egas Moniz, Hospital Santa Maria, 1600 Lisbon, Portugal

Received November 3, 1998

Recent event-related FMRI studies indicate that the
prefrontal (PFC) and the medial temporal lobe (MTL)
regions are more active during effective encoding than
during ineffective encoding. The within-subject design
and the use of well-educated young college students in
these studies makes it important to replicate these
results in other study populations. In this PET study,
we used an auditory word-pair association cued-recall
paradigm and investigated a group of healthy upper
middle-aged/older illiterate women. We observed a
positive correlation between cued-recall success and
the regional cerebral blood flow of the left inferior PFC
(BA 47) and the MTLs. Specifically, we used the cued-
recall success as a covariate in a general linear model
and the results confirmed that the left inferior PFC
and the MTL are more active during effective encoding
than during ineffective encoding. These effects were
observed during encoding of both semantically and
phonologically related word pairs, indicating that these
effects are robust in the studied population, that is,
reproducible within group. These results generalize
the results of Brewer et al. (1998, Science 281, 1185-
1187) and Wagner et al. (1998, Science 281, 1188-1191) to
an upper middle aged/older illiterate population. In
addition, the present study indicates that effective
relational encoding correlates positively with the activ-
ity of the anterior medial temporal lobe regions.
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INTRODUCTION

Functional neuroimaging studies of memory pro-
cesses have consistently indicated that encoding and
retrieval of long-term memory information activate a
distributed network of interacting brain regions. Two
systems that have been the focus of memory research
are the medial temporal lobe (MTL) memory system
(Squire et al., 1993; Squire and Zola-Morgan, 1991) and

the prefrontal cortex (PFC) (Buckner, 1996; Cabeza and
Nyberg, 1997a; Fletcher et al., 1997; Nyberg et al.,
1996a; Shimamura, 1995; Tulving et al., 1994a).

The relation between MTL activations in functional
imaging studies and different memory processes is
complex and not well understood (Fletcher et al., 1997;
Tulving and Markowitsch, 1997). However, lesion data
(Scoville and Milner, 1957; Zola-Morgan et al., 1986)
and functional neuroimaging data indicate that the
MTL memory system plays an essential role in long-
term declarative memory, for example, in episodic
encoding (Gabrieli et al., 1997; Stern et al., 1996;
Tulving et al., 1994b) and retrieval from long-term
memory (Buckner et al., 1995; Petersson et al., 1997;
Schacter et al., 1996; Squire et al., 1992b). In addition,
lesion (Shimamura, 1995; Wheeler et al., 1995) and
functional neuroimaging data (Dolan and Fletcher,
1997; Fletcher et al., 1998a,b; Wagner et al., 1998a)
indicate that the prefrontal regions are important for
encoding and retrieval of information. Lesions of the
MTL system affect memory encoding and consolidation
(Squire, 1992) while lesions to the PFC seem to affect
the use of encoding and retrieval strategies (Fletcher et
al., 1997; Incisa della Rocchetta and Milner, 1993;
Petrides, 1989; Stuss et al., 1994). In addition, the
prefrontal and MTL activity may be sensitive to the
material being encoded, the task instructions, and the
encoding strategy used (Kelley et al., 1998). There are
also some indications that the prefrontal activations
are sensitive to material-specific processing during
retrieval (Wagner et al., 1998b), consistent with neuro-
psychological demonstrations that left and right frontal
lesions differentially impact verbal and nonverbal epi-
sodic memory (Milner et al., 1991).

The results of two recent event-related FMRI studies
indicate that effective encoding (i.e., encoding of stimuli
later recognized) activated the PFC and the MTL more
than ineffective encoding (i.e., encoding of stimuli not
later recognized), using either visuospatial (Brewer et
al., 1998) or verbal material (Wagner et al., 1998c).
Both studies used a group of well-educated young
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(18-35 years) college students of both sexes (A. D.
Wagner and J. Brewer, personal communication). Simi-
lar results, using young subjects (mean age 25) in a
blocked FMRI study, also indicate that effective encod-
ing is related to increased MTL activation (Fernandez
et al., 1998). The within-subject design in these studies
makes it important to replicate these results in other
study populations.

In the present PET study, we studied a population of
upper middle-aged/older illiterate women during encod-
ing of word pairs for later cued recall. We used the
cued-recall scores obtained after each encoding PET
scan as a measure of effective encoding and entered the
cued-recall scores as a covariate in a general linear
model to study the relation between effective encoding
and regional cerebral blood flow (rCBF) during the
encoding scans. Previous results, in a different study
population using the same paradigm as described
below, indicate that the MTL regions are bilaterally
engaged (Petersson et al., 1998a). Based on previous
data, including the event-related FMRI results using
verbal material (Wagner et al., 1998¢), and the regions
of the PFC described in recent reviews of the functional
organization of memory (Buckner, 1996; Fletcher et al.,
1997), we hypothesized that the activity of the left
inferior frontal (BA 44/45/47) and the MTL regions
would correlate positively with cued-recall success.

This study is part of an ongoing project focusing on
the modulatory influence of educational level/literacy
on the functional organization of the adult human
brain (see, e.g., Castro-Caldas et al., 1998; Petersson et
al., 1998a,b,c; Reis and Castro-Caldas, 1997).

MATERIALS AND METHODS

Subjects

In this study, subjects are classified as illiterate when
they, for social reasons, had never entered school and
had no knowledge of reading or writing (see further
Castro-Caldas et al., 1998; Reis and Castro-Caldas,
1997). This definition of illiteracy should be distin-
guished from functional illiteracy which is not consid-
ered in this study. Functionally illiterate subjects were
not included since their previous exposure to and
acquisition of phonemic/graphemic associations im-
plies experience and the existence of a visuographic
representation system based on phonology. In the course
of the selection process, all subjects underwent a letter
recognition task in which single letters or very common
acronyms were shown (e.g., common trademarks, tele-
vision channels). llliterate subjects were included if
they were unable to recognize any of the letters or
acronyms containing information. The ability to write
their own name was not an exclusion criterion.

Seven right-handed healthy female subjects (63 + 5
years (mean = SD), range 55-71) from the same socio-

cultural background in a village of southern Portugal
were selected. Previous diseases potentially involving
the brain were ruled out by clinical assessment and
previous clinical information provided by the local
doctor, as well as by morphological investigations.
Diagnostic MRI scans were classified as normal (except
in one case, indicating changes in the white matter and
slight central atrophy; however, this subject's memory
performance was above average). In order to rule out
dementia or other cognitive dysfunction, the subjects
were submitted to a screening test. The test battery
included simple tasks like object naming, object identi-
fication, phrase comprehension, repetition of words and
phrases, verbal fluency, limb and oral praxis, general
knowledge, and episodic memory tasks (Garcia and
Guerreiro, 1983). The subjects were fully functional in
their daily lives and maintained regular work effi-
ciently. For social reasons (see further Castro-Caldas et
al., 1998; Reis and Castro-Caldas, 1997) none of the
subjects had entered school. During the selection pro-
cess the subjects practiced and were tested on the same
experimental tasks that were used during the PET
scanning. The word lists (three phonological lists, three
semantic lists) used in the selection process were
composed of 10 word pairs that were later randomly
included in the experimental lists. The selection of
subjects was performed approximately 2-3 months
before the PET experiment. The study was approved by
the local Ethics and Radiation Safety Committees at
the Karolinska Hospital.

In order to make behavioral comparisons (and as
part of another PET study), we selected eight right-
handed healthy literate female subjects (mean 58 = 6
years, range 52-68) with sociocultural background
similar to that of the illiterate subjects and from the
same Portuguese village as the illiterate group (Peters-
son et al., 1998a). The literate subjects were selected by
the same procedures as described above. In particular,
previous diseases potentially involving the brain or
cognitive dysfunction were ruled out by clinical assess-
ment, diagnostic MRI scans (all classified as normal),
and screening tests. The subjects were fully functional
in their daily lives and maintained regular work effi-
ciently. All subjects had 4 years of schooling, had
regular reading and writing habits, and performed
normally on reading comprehension and writing tests.
The behavioral data for both groups were acquired
under identical conditions (see further below). In-
formed consent was given by all subjects participating
in the study.

The Lists of Word Pairs

Two types of 14 word-pair lists were constructed. The
first type (semantic) consisted of semantically associ-
ated word pairs (e.g., bilhete—comboio, ticket—train).
Super-sub-ordinate word pairs were not included. The
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second type (phonological) consisted of phonologically
associated word pairs and care was taken to not include
(obvious) semantically associated word pairs. The pho-
nological relation between words was created by chang-
ing the initial phoneme (e.g., selo—pelo, stamp—hair).
Seven different lists of each type were constructed (1
list of each type served as extra list in case any of the
PET scans failed). The words used were common con-
crete nouns selected from the Portuguese language
frequency tables (Nascimento et al., 1987), carefully
selected to be relevant for the sociocultural context of
the southern Portuguese village. The word lengths
(one- to three-syllable words) in the semantic and
phonological lists were counterbalanced. The length of
the first word was matched to the length of second word
in each word pair, also preserving the CV structure.
The lists of word pairs and the list of cue words were
recorded for auditory presentation during encoding and
cued recall. The word pairs were recorded with an inter
pair interval of 1300 ms and with 500 ms between the
words in a pair in the encoding lists. The cue words
were recorded with an interstimulus interval of 8 s in
the retrieval lists. The lists were auditorily presented
and the subject was instructed to memorize the word
pairs during encoding. During retrieval the subjects
were cued with the first word of a word pair and were
instructed to recall the second or, if not remembered, to
say “passo.” Different lists were used for each new
encoding scan as well as for each new retrieval scan,
balanced across subjects.

The Experimental Paradigm

The subjects were scanned with their eyes closed in
encoding (SE, encoding of a semantic list; PE, encoding
of a phonological list), retrieval (SR, retrieval of a
semantic list; PR, retrieval of a phonological list), and
rest (RS). The five different tasks were repeated three
times for each subject, presented in a randomized order
in blocks of five. All aspects of the experimental para-
digm were practiced on a training list in the PET
camera until the subjects reached full understanding
and performance was satisfying. The training list was
composed of 12 word pairs (6 semantic and 6 phonologi-
cal; each word pair was randomly chosen from a list;
the lists were randomly chosen without replacement
from the 14 lists available). Words were auditorily
presented by earphones and the subjects adjusted the
sound level to their own preference. During RS the
subjects were scanned with eyes closed and ambient
noise. Well before the RS scans started the subjects
were instructed to relax and to not think or do anything
so the subjects would be in a relaxed state during
scanning. During the encoding task (eyes closed) the
subjects were instructed to learn the list of word pairs
for later recall. In the encoding task the list of word
pairs was encoded once and PET scanning was done

during encoding (SE and PE). After the encoding scan
there was a short pause (15 s), followed by cued recall of
the same list, when no scanning was done. The recall
performance was recorded to ensure that encoding had
occurred and was used as a covariate of interest as an
indicator of effective encoding during the encoding scan
(cf. Data Analysis). The retrieval task started with
encoding of an auditorily presented list of word pairs.
After encoding there was a short pause (15 s), and then
retrieval of the same list started. During retrieval the
subjects were cued with the first word of a word pair.
This was repeated twice with approximately 20-30 s
between the encoding-retrieval cycles and perfor-
mance was recorded after both the first and the second
retrieval. PET data were acquired during the second
retrieval. The encoding was done twice in order to
increase performance and reduce possible reencoding of
the material (Petersson et al., 1997; Tulving and
Markowitsch, 1997). See Fig. 1 for a schematic represen-
tation of the paradigm.

PET Scanning

Repeated measurements of rCBF (15 scans/subject, 3
scans/state) were made with an Ecat Exact HR PET
scanner in 3D-sampling mode (Wienhard et al., 1994)
and bolus injections of [*50O]butanol (Berridge et al.,
1990) producing 60-s tracer uptake images. Scatter
corrections were made and a 2D-transmission scan was
used for attenuation correction. To ensure that the
levels of radioactivity in the subjects had returned to
background before starting a new scan, there was at
least 10 min between successive scans.

Data Analysis

The PET images were realigned, spatially normal-
ized, and transformed into an approximate Talairach—
Tournoux stereotactic space (Talairach and Tournoux,
1988), isotropic Gaussian filtered (14-mm FWHM),
proportionally scaled to account for global confounders,
and analyzed with statistical parametric mapping
(SPM96; Friston et al., 1995). The general linear model
was used to model rCBF data and relevant contrasts
corresponding to null hypotheses were used to generate
statistic images SPM[Z] (cf. Frackowiak et al., 1997).
Each encoding scan was followed by cued recall of the
same list just encoded. In the correlation analysis, the
cued-recall performance was used as an indicator of
effective encoding during the encoding scan. The cued-
recall performance was included as a covariate in the
general linear model. Subject (block) effects were also
modeled. This analysis was performed for the two
different encoding tasks SE and PE separately. The
coordinates of local maxima refer to the approximate
Talairach—Tournoux space as defined by the SPM96
template (for further details on the SPM96 software see
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the SPM Web site http://www.fil.ion.bpmf.ac.uk/spm/).
Given the regional specific hypothesis related to the
inferior PFC and the MTL regions, local activation
maxima with Z > 2.33 (or omnibus significance
P < 0.01) were considered significant.

RESULTS AND DISCUSSION

Behavioral Results

It is of interest to note that illiterate subjects often
perform less well compared to matched literate subjects
on cognitive tasks (Ardila et al., 1989; Garcia and
Guerreiro, 1983; Rosselli et al., 1990), including several
memory tasks (Ardila et al., 1989). (For a review of the
influence of educational level and culture on neuropsy-
chological testing see Castro-Caldas et al., 1997.) This
can be understood since formal education not only
brings about reading and writing skills but in general
also more effective cognitive strategies for problem
solving and information processing. Illiterate subjects
often develop more idiosyncratic strategies for solving
problems compared to the literate group (cf. Castro-
Caldas et al., 1997). Therefore, when comparing the
learning abilities of literate and illiterate subjects,
relative measures of learning capacity are often rel-
evant. Since both groups encoded and retrieved some of
the word-pair lists twice (Fig. 1) we used the increase in
cued-recall performance from the first to the second
retrieval occasion as an index of the learning capacity.
The average increase in cued-recall performance in the
illiterate group (semantic lists, 2.4 = 0.7; phonological
lists, 2.2 = 0.8) was comparable to that in the matched
literate group (semantic lists, 1.6 = 0.8; phonological
lists, 2.3 = 0.8). This and the screening for cognitive
dysfunction indicate that there was no general learning
deficit in the group of illiterate subjects in this study.

The behavioral performance was recorded during
cued recall after each encoding scan and before and
during each retrieval scan (Table 1; Fig. 1). Consistent
with previous results on illiterate and literate subjects

Encoding scans

Cued Recall

Scan - Encoding Performance data

Retrieval scans

TABLE 1

Mean Cued-Recall Performances in the llliterate Subjects
during the Different Retrieval Periods (See Fig. 1 for a
Schematic Overview of the Experimental Paradigm)

Cued recall Cued recall Cued recall
after encoding  before retrieval  during retrieval
List type scans scans scanning
Semantic 6.4+11 6.8+ 12 92=*+13
Phonological 23*0.9 3.0x17 51x21
P value 0.02 0.01 0.01

Note. The P values relate to the outcome of testing the mean
differences between list types (Wilcoxon paired t test).

(Reis and Castro-Caldas, 1997), the cued-recall scores
were significantly better on semantically related com-
pared to phonologically related word pairs. This perfor-
mance difference indicates that the processing of the
semantic lists increases learning compared to the pho-
nological lists (Table 1). Assuming that the encoding of
the semantic lists involves more elaborate (or deep)
processing than encoding of the phonological lists, this
effect is similar to the levels of processing effect (Badde-
ley, 1997; Craik and Jennings, 1992; Craik and Lock-
hart, 1972).

Previous findings indicate that the illiterate popula-
tion processes phonological information differently from
literate subjects (Morais, 1993; Morais et al., 1979). For
example, illiterate subjects have greater difficulties
with certain tasks involving phonological processing,
including pseudoword repetition (Castro-Caldas et al.,
1998), verbal fluency with a phonological criterion (Reis
and Castro-Caldas, 1997), and digit span (Castro-
Caldas et al., 1997). In order to investigate this issue
further, we compared the illiterate group to the matched
literate group on the difference in cued-recall perfor-
mance between semantic and phonological lists; that is,
we compared the mean cued-recall score differences
[SE — PE] between the literate and the illiterate group.

Cued Recall

Encoding (1) Performance data

Scan - Cued Recall

Encoding (2) Performance data

FIG. 1.

Retrieval data were acquired after encoding scans and before and during retrieval scans.
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The average cued-recall score difference [SE — PE] was
significantly greater in the illiterate compared to the
literate group (Table 2). This indicates that the illiter-
ate subjects do not utilize the phonological association
between the words of the phonological lists as effec-
tively as the literate subjects, replicating previous
findings (Reis and Castro-Caldas, 1997). This may be
an encoding effect, a retrieval effect, or both. The
present data are consistent with the previous results
indicating that illiterate subjects process phonological
information differently from literate subjects (Castro-
Caldas et al., 1997, 1998; Morais, 1993; Morais et al.,
1979; Reis and Castro-Caldas, 1997).

PET Results

It has been hypothesized that activation of the left
middle-inferior prefrontal region leads to effective en-
coding (Fletcher et al., 1997, 1998) and that the MTL
memory system is especially important for episodic
encoding (Squire, 1992; Squire and Zola-Morgan, 1991).
To test if effective encoding correlates with rCBF in the
left inferior PFC and the MTL regions, we used the
individual cued-recall scores acquired after the encod-
ing scans as covariates in the general linear model. We
tested this separately for the SE and the PE covariates
(Table 3; Fig. 2).

There was a significant positive correlation in the left
inferior frontal gyrus (BA47) in both SE ([x, y, zZ] = [-52,
38, —12], Z = 3.52) and PE ([x, vy, z] = [-52, 42, —12],
Z = 3.10). In addition there were significant positive
correlations in the right MTL (hippocampus/parahippo-
campal gyrus, BA 28/34/35) in both SE ([x, vy, z] = [30,
—12, —20], Z = 3.61) and PE ([x, ¥, z] = [30, —12, —22],
Z = 3.36), as well as in the left MTL (hippocampus/
parahippocampal gyrus, BA 28/36) in SE ([x, Y,
z] = [—26, —10, —14], Z = 2.55). In PE, there was also
a positive correlation in the left MTL (hippocampus/
parahippocampal gyrus, BA 28/36) ([x, y, z] = [—26,
=12, —14], Z = 2.27) even though it did not reach the
chosen significance level.

These results indicate that the left inferior PFC and

TABLE 2

Comparing the Mean Differences in Semantic and Phono-
logical Cued-Recall Performances between the Literate and the
Illiterate Group; That Is, [SE - PE]Iiterate - [SE - PE]iIIiterate

SE - PE SE - PE SE - PE
after encoding before retrieval during retrieval
Group scans scans scanning
Illiterate 41+13 3.8+1.6 40+21
Literate 1.7 +£17 22=*17 14+12
P value 0.01 0.08 0.01

Note. The P values relate to the outcome of testing the mean
differences with Mann—-Whitney U test.

TABLE 3

Local Maxima of Positive Correlation between Cued-Recall
Performance and Activation in the Left Inferior Prefrontal
and the Medial Temporal Lobe Regions during Encoding of
Semantic (SE) and Phonological (PE) Lists

Brodmann z
Region area [X,y, z] score
SE
Inferior frontal gyrus 47 sin —52 38 —-12 3.52
Hippocampus/para-
hippocampal gyrus  28/36 dx 30 —-12 -20 361

Hippocampus/para-

hippocampal gyrus  28/34/35sin  —26 —-10 —14 255
PE
Inferior frontal gyrus 47 sin -52 42 12 3.10
Hippocampus/para-
hippocampal gyrus  28/36 dx 30 -—-12 -22 3.36
Hippocampus/para-
hippocampal gyrus  28/34 sin -26 —-12 14 2.27

the MTLs are important for processes subserving effec-
tive encoding. These results are consistent with recent
event-related FMRI studies indicating that effective
encoding activates prefrontal and MTL regions more
than ineffective encoding (Brewer et al., 1998; Wagner
et al., 1998c). Both these studies used well-educated
college students. Similar results, using young subjects
(mean age 25), in a metabolic FDG-PET study (Alkire et
al., 1998) and a blocked FMRI study (Fernandez et al.,
1998) also indicate that effective encoding is related to
increased MTL activation. Since long-term memory
processes are thought to be general purpose mecha-
nisms, it is important that these results are replicated
in other study populations. We specifically tested if
effective encoding of lists of auditorily presented word
pairs (measured as cued-recall success) correlated posi-
tively with the activity of the left inferior PFC and the
MTL regions in a population of healthy upper middle-
aged/older illiterate women. We found positive correla-
tions in these regions in two independent sets of scans
(given the study population), that is, for SE and PE
scans separately. This indicates that these results are
robust in our study population.

Recent FMRI data indicate that the PFC and MTL
activity may be sensitive to the material being encoded
or retrieved from long-term memory (Kelley et al.,
1998; Wagner et al., 1998b). It is also possible that the
PFC and MTL activity is modulated by the encoding
strategy used by the subjects. Wagner et al. (1998) used
verbal material and found that the left inferior PFC
and the left MTL were specifically involved in effective
episodic encoding, while Brewer et al. (1998) used
visuospatial material and found that the right inferior
frontal PFC and the bilateral MTL were involved in
effective encoding, that is, when the subjects were later
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able to retrieve the study material. In this study of
illiterate subjects, both the right and the left MTL were
related to effective episodic encoding of verbal material.
This may indicate that the illiterate subjects did not
use a pure language-based encoding strategy. In particu-
lar, since the words used were common concrete nouns
easy to visualize, the subjects may have used visuospa-
tial imagery as an encoding strategy in addition to
language-based processing. Based on the findings of
material-specific lateralization of prefrontal activation
(Kelley et al., 1998; Wagner et al., 1998b), we also
investigated our data in the right PFC. We found a
positive correlation in the right frontopolar region (BA
10) in both SE ([x, y, z] = [18, 44, —8], Z = 3.01) and PE
(Ix,y, z] = [18, 46, —6], Z = 2.60).

An alternative interpretation of these findings re-
lates to the possibility that language processing in
illiterate subjects may under some circumstances re-
cruit bilateral brain areas to a greater extent than in
literate subjects. There are some data consistent with
such an explanation (Cameron et al., 1971; Castro-
Caldas et al., 1998; Lecours et al., 1987a,b; Wechsler,
1976). However, this issue is complex and there are
other data indicating that this may not always be the
case (Damasio et al., 1976a,b). In addition, previous
results in the group of literate subjects with the same
sociocultural background indicate that the MTL re-
gions are bilaterally engaged by this paradigm in
encoding compared to retrieval (Petersson et al., 1998a).
Whatever the case may be, to confirm the bilateral MTL
processing in encoding, we investigated the activation
pattern of the MTL regions using contrasts between
conditions in a general linear model. Since there were
no significant differences in the MTL regions between
SE and PE or SR and PR, or in the interaction contrast
[SE — SR — PE + PR] and its reverse, we pooled the
data into an encoding state E and a retrieval state R.
Consistent with the results above, there were signifi-
cant bilateral MTL activations in E — R (Table 4). We
also analyzed the contrast SE — SR and PE — PR
separately. The results indicate significant bilateral
MTL activations in both SE — SR and PE — PR (Table
4). However, it should be noted that in encoding versus
rest comparison, only the left MTL activation was
significant in the illiterate group ([x, Y, z] = [—34, —14,
—22], Z = 2.74). The same pattern was observed in the
literate group, that is, the right MTL activation was
statistically weaker than the left in encoding versus
rest (Petersson et al., 1998a). In addition, the left
inferior frontal and left MTL were activated in the
literate group during encoding (E) compared to rest
(Petersson et al., 1998a). These results were replicated
in the illiterate group (data not shown).

Most functional neuroimaging studies use relatively
young, usually well-educated subjects for pursuing
different questions concerning the functional organiza-

TABLE 4

Local Maxima Comparing Encoding with Retrieval in the Left
Inferior Prefrontal and the Medial Temporal Lobe Regions

Brodmann z
Region area [X,y, 2] score
SE - SR
Inferior frontal gyrus 47 sin —44 30 —-10 3.50
Hippocampus/parahip-
pocampal gyrus 28/34 dx 22 -10 -14 3.75
Parahippocampal gyrus 28/34 sin 30 —-12 -20 3.44

Hippocampus/parahip-

pocampal gyrus 28/34/35sin —26 —-10 -16 3.34
PE — PR
Inferior/middle frontal
gyrus 47 sin -34 38 —-14 194
Hippocampus/parahip-
pocampal gyrus 28/34/35 dx 18 -14 -—-12 3.97
Hippocampus/parahip-
pocampal gyrus 28/34 sin -32 -—-14 -14 343
E-R
Inferior frontal gyrus 47 sin —36 36 —-12 281
Hippocampus/parahip-
pocampal gyrus 28/34/35 dx 22 -12 -14 514
Hippocampus/parahip-
pocampal gyrus 28/34 sin -30 -12 -16 450

tion of the brain. Recently it has been pointed out that
results obtained in such study populations need replica-
tion in other populations (Backman et al., 1997). This is
important since most functional neuroimaging studies
use within-subject designs or fixed effects models
(Holmes and Friston, 1998; Woods, 1996). For example,
it is known that older subjects perform less well on
some memory tests than younger adults (Craik and
Jennings, 1987, 1992), and several PET studies of
memory using older subjects have reported results,
including changes in the PFC and MTL regions (Béack-
man et al., 1997; Cabeza et al., 1997b; Grady et al.,
1995; Schacter et al., 1996), that have been interpreted
as indicating that age-related memory deficits may be
attributed to both impaired encoding and retrieval
(Nyberg et al., 1996a) and that these may reflect both
less efficient processing and functional compensation
(Cabeza et al., 1997b). In a recent electrophysiological
study (Mark and Rugg, 1998) it was concluded that the
processes supporting episodic memory retrieval, includ-
ing those dependent on the PFC, are relatively unaf-
fected by advancing age. One possible way of interpret-
ing these data is that the suggested age-related rCBF
changes observed with PET indicate an age-related
encoding failure. In this PET study of upper middle-
aged/older illiterate women, effective episodic encoding
correlated with the activity in the PFC and the MTL
regions similar to the observations in young study
populations (Alkire et al., 1998; Brewer et al., 1998;
Fernandez et al., 1998; Wagner et al., 1998c). In our
previous PET study of the literate group (Petersson
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et al., 1998a) we found no obvious differences in the
activation pattern during either encoding or retrieval
compared to the activation patterns described in youn-
ger populations (Buckner, 1996; Cabeza and Nyberg,
1997a; Fletcher et al., 1997). However, the subjects of
the PET studies investigating age-related effects re-
ferred to above were on average 5-10 years older than
our subjects. This may indicate that the age-related
changes observed in some of the PET studies of older
subjects may develop at 60—70 years of age.

Earlier PET results indicate that the left middle-
inferior PFC (Kapur et al., 1994a,b) subserves semantic
processing related to the levels of processing effect. In
this context, if encoding of the semantic lists involves
more elaborate processing than the phonological lists,
then this may be reflected in a greater activity in the
left PFC when SE and PE are compared directly. This
was indeed the case and a left posterior-inferior frontal
region (BA 47) similar to the previous left-inferior PFC
was more activated in SE compared to PE. However,
the effect was statistically weak and the local maxi-
mum was located more posterior ([X, y, z] = [—44, 16,
—12], Z = 1.94), even if the left inferior PFC regions
overlapped when a lower threshold was used (Z = 1.64,
or omnibus P = 0.05). More interesting, perhaps, was
the fact that correlation between the left-inferior PFC
activity and the cued-recall success was greater in PE
compared to SE ([x, y, z] = [-52, 44, —12], Z = 2.62).
This was also the case in the MTL regions ([x, VY,
z] = [30, —12, —-22], Z = 2.75; [x, vy, z] = [-26, —12,
—14],Z2 = 1.77).

Finally, PET studies of episodic encoding have typi-
cally observed both anterior and posterior MTL activa-
tions. In contrast, FMRI studies have observed almost
exclusively posterior MTL activations (Lepage et al.,
1998; Schacter and Wagner, 1999). One possible expla-
nation of this observation is the fact that FMRI is
relatively more insensitive in the anterior-inferior com-
pared to the posterior-superior MTL, while this is not
the case with PET. An interesting alternative hypoth-
esis (Schacter and Wagner, 1999) observes that several
of the PET studies detecting anterior MTL activations
used experimental paradigms in which relations across
multiple stimuli were processed and in which there was
an explicit goal of associating two or more stimuli. This
has been called relational, configural, or conjunctional
learning (e.g., Cohen and Eichenbaum, 1993; Eichen-
baum, 1994; Rudy and Sutherland, 1994; Squire, 1992).
In contrast, few FMRI studies have examined rela-
tional encoding, one exception being the study of Rom-
bouts et al. (1997), which observes anterior MTL activa-
tions. All previous studies investigating effective
encoding (Alkire et al., 1998; Brewer et al., 1998;
Fernandez et al., 1998; Wagner et al., 1998¢) required
item encoding with no explicit relational demand and

these studies observed posterior MTL activation associ-
ated with subsequent memory. In this PET study we
used an encoding task that demands interitem rela-
tional or associative processing and observed a signifi-
cant correlation between anterior MTL activity bilater-
ally and the subsequent memory performance. The
results are consistent with the hypothesis of Schacter
and Wagner (1999) suggesting that relational encoding
is related to the anterior MTL.

CONCLUSION

In this PET study we investigated a group of healthy
upper middle-aged/older illiterate women. The results
presented are consistent with several recent functional
neuroimaging studies indicating that the prefrontal
and medial temporal regions are more active during
effective than in ineffective encoding. Using an audi-
tory word-pair association cued-recall paradigm, we
observed positive correlations between cued-recall suc-
cess and the activity in the left inferior prefrontal and
the medial temporal regions during encoding. These
correlations were observed during encoding of both
semantically and phonologically related word pairs.
This indicates that these effects are robust in the
studied population, that is, reproducible within group
in two independent sets of scans. The results of the
present study also indicate that effective relational or
conjunctional encoding correlates positively with the
activity of the anterior medial temporal lobe regions.
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