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Objective: Neuropsychological studies
have demonstrated verbal episodic memory deficits in schizophrenia during word
encoding and retrieval. This study examined neural substrates of memory in an
analysis that controlled for successful
retrieval.
Method: Event-related blood-oxygenlevel-dependent (BOLD) functional magnetic resonance imaging (fMRI) was used
to measure brain activation during word
encoding and recognition in 14 patients
with schizophrenia and 15 healthy comparison subjects. An unbiased multiple
linear regression procedure was used to
model the BOLD response, and task effects were detected by contrasting the signal before and after stimulus onset.
Results: Patients attended during encoding and had unimpaired reaction times
and normal response biases during recognition, but they had lower recognition discriminability scores, compared with the
healthy subjects. Analysis of contrasts was
restricted to correct items. Previous findings of a deficit in bilateral prefrontal cortex activation during encoding in patients

were reproduced, but patients showed
greater parahippocampal activation rather
than deficits in temporal lobe activation.
During recognition, left dorsolateral prefrontal cortex activation was lower in the
patients and right anterior prefrontal cortex activation was preserved, as in the authors’ previous study using positron emission tomography. Successful retrieval was
associated with greater right dorsolateral
prefrontal cortex activation in the comparison subjects, whereas orbitofrontal, superior frontal, mesial temporal, middle temporal, and inferior parietal regions were
more active in the patients during successful retrieval.
Conclusions: The pattern of prefrontal
cortex underactivation and parahippocampal overactivation in the patients suggests that functional connectivity of dorsolateral prefrontal and temporal-limbic
structures is disrupted by schizophrenia.
This disruption may be reflected in the
memory strategies of patients with schizophrenia, which include reliance on rote rehearsal rather than associative semantic
processing.
(Am J Psychiatry 2004; 161:1004–1015)

P

roblems in verbal episodic memory in schizophrenia
have been well described, and evidence of prominent
difficulties in encoding and free recall has been found (1,
2). Long-term storage is relatively spared (3), and less severe impairments are noted on nonrelational recognition
tasks (4).
The neural underpinnings of memory can be studied
with functional neuroimaging. A review concluded that
the prefrontal cortex and hippocampus are most consistently implicated in schizophrenia (5). Hemispheric asymmetry models have emphasized the importance of the left
prefrontal cortex to episodic encoding and semantic retrieval and the right prefrontal cortex to episodic retrieval
(6). Subsequent studies supported a distinct role for the
right anterior prefrontal cortex (Brodmann’s area 10) during episodic retrieval but found less evidence of hemispheric and task specificity for the dorsolateral prefrontal
cortex (Brodmann’s area 9, 46) (7, 8). The left dorsolateral
prefrontal cortex appears to be involved in semantic organization during encoding (9), and several prefrontal cortex
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subregions show functional overlap across working, episodic, and semantic memory (10, 11). The importance of
the hippocampus to memory was established in early
studies of clinical pathology and was supported by functional imaging that attributed hippocampal function to
encoding and retrieval, novelty detection, and successful
retrieval (12, 13).
Several investigators suggested that the reciprocal relationships between the prefrontal cortex and the mesial
temporal lobe in normal cognition (14) may be disrupted
or reversed by schizophrenia (15, 16). For example, in a
verbal fluency study, investigators reported less prefrontal
cortex activation and greater temporal lobe activation in
patients than in healthy comparison subjects (17). Other
studies reported hippocampal overactivation in patients
during baseline assessment and prefrontal cortex overactivation rather than hippocampal recruitment for recognition of words that had undergone deep semantic processing versus words that had undergone shallow perceptual
processing (18, 19). A subsequent study of the hippoAm J Psychiatry 161:6, June 2004
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campus involving word encoding and recognition also
found less activation in patients than in healthy comparison subjects during both stages of processing (20).
The purpose of the current study was to examine frontotemporal function in schizophrenia by using a verbal
episodic encoding and recognition paradigm that was previously established with positron emission tomography
(PET) (8, 21). In previous studies, we found reduced left
prefrontal cortex activation during encoding and recognition in patients with schizophrenia. Left superior temporal
activity was also reduced during encoding, while activation
in the left anterior cingulate, left mesial temporal, and right
thalamic regions was reduced during recognition. However, right anterior prefrontal cortex activation during recognition was preserved. Performance correlated with prefrontal cortex activation in healthy participants and with
posterior activation in patients. One goal of the present
study was to establish the reproducibility of the PET findings with functional magnetic resonance imaging (fMRI).
More important, event-related fMRI enables examination
of retrieval success. We hypothesized that the left prefrontal cortex regions are disrupted by schizophrenia during
both encoding and recognition but that schizophrenia patients would not differ from healthy comparison subjects
in activation in the right frontal pole during recognition.
Retrieval success was hypothesized to be related to prefrontal cortex activity only in the comparison subjects.

Method
Participants
Participants were 14 patients with schizophrenia and 15
healthy comparison subjects from the Schizophrenia Center at
the University of Pennsylvania. Both groups included six female
subjects. The patient group excluded one subject with excessive
movement artifact (i.e., >4 mm in any dimension) and two subjects who could not comply with the research procedure. The
comparison subjects were matched with the patients in age
(comparison subjects: mean age=28.4 years, SD=7.0; patients:
mean age=32.7 years , SD=8.3), parental education (comparison
subjects: mean=15.6 years, SD=2.8; patients: mean=13.1 years,
SD=2.2), and handedness (two left-handed comparison subjects
and one left-handed patient). As expected, the patients had less
education than the comparison subjects (patients: mean=12.6
years, SD=2.1; comparison subjects: mean=14.8 years, SD=2.6) (t=
2.4, df=27, p<0.05). The patients had a DSM-IV consensus diagnosis (criterion reliability ≥0.85) of schizophrenia established by
medical, neurological, and psychiatric evaluations (22). The comparison subjects also underwent standard evaluations (23). The
participants had no history of substance abuse or of other medical, psychiatric, or neurological disorders that might affect brain
function.
All patients were mildly to moderately ill according to the Scale
for the Assessment of Negative Symptoms (SANS) (24) (mean
score=24.2, SD=22.4, range=0–86), the Scale for the Assessment of
Positive Symptoms (SAPS) (25) (mean score=12.5, SD=12.9,
range=0–48), and the Brief Psychiatric Rating Scale (BPRS) (26)
(mean score=28.9, SD=6.4, range=19–46). Examination of clinical
subtypes (27) revealed that 12 patients met the criteria for the
“mild” subcategory, one for the “deficit” subcategory, and one for
the “paranoid” subcategory. Excluding the two patients with
Am J Psychiatry 161:6, June 2004

more severe symptoms did not change the overall pattern of fMRI
results (analysis available upon request). All patients were receiving medication; two patients received only typical antipsychotics,
nine received only atypical antipsychotics, and three received
both typical and atypical antipsychotics. The average dose of typical antipsychotics was 68.7 mg/day in chlorpromazine equivalents (SD=26.6, range=0–250), and the average dose of atypical
antipsychotics was 14.6 mg/day in olanzapine equivalents (SD=
2.6, range=0–35.8). No patient was receiving anticholinergic medication. The patients’ mean age at illness onset was 20.5 years
(SD=4.9), and the mean duration of illness was 12.2 years (SD=
7.6). After complete description of the study to the subjects, written informed consent was obtained.

Tasks
Images were acquired during three conditions: word encoding,
letter n-back, and word recognition. Letter n-back (28) served as a
distracter to prevent rehearsal, and the results for this condition
will not be reported. Encoding and recognition utilized the Penn
Word Recognition Test (8, 21), adapted for event-related fMRI.
The task consists of 30 targets and 30 foils from a standard word
list (29) balanced for frequency, concreteness, and imageability.
Words were visually presented for 3 seconds, with “jittered” interstimulus intervals ranging from 1 to 13 seconds (Figure 1). During
interstimulus intervals, the subjects were instructed to fixate on a
crosshair image and told to relax. During encoding, targets were
presented twice in pseudorandom order for a total of 60 trials.
Participants were asked to try to remember the words (explicit encoding) and make a left button press every time a word was presented. The recognition task used the same timing parameters
and also consisted of 60 trials with pseudorandom presentation
of the 30 targets and 30 foils. Participants were asked to make a
left button press if they had seen the word during the encoding
task and a right button press if the word had not been previously
presented. The tasks were triggered by the scanner and coupled
to image acquisition by using Power Laboratory (30) on a Macintosh laptop computer. Stimuli were rear projected to the center of
the visual field by using a PowerLite 7300 video projector (Epson
America, Inc., Long Beach, Calif.) and viewed through a mirror
mounted on the head coil. Responses were recorded by means of
a nonferromagnetic keypad (FORP, Current Design Inc., Philadelphia). Practice sessions were provided, and all participants understood the instructions and use of the keypad.

Image Acquisition
Data were acquired on a 4-T GE Signa Scanner (General Electric Medical Systems, Milwaukee) by using established procedures (28). Structural T1-weighted imaging was used for anatomic
overlays of functional data and spatial normalization (31). Bloodoxygen-level-dependent (BOLD) (32, 33) images were obtained
with a gradient-echo echoplanar sequence (22 slices, TR=2000,
TE=40, voxel size=3.75×3.75×4 mm). Images were corrected for
geometric distortion on the basis of a magnetic field map acquired after acquisition of the T1 localizer (34).

Data Analysis
Button presses were recorded to index task engagement during
encoding. During recognition, scoring distinguished correct “yes”
responses to targets, correct “no” responses to foils, incorrect “no”
responses to targets, and incorrect “yes” responses to foils. Recognition discriminability (recognition accuracy) and response bias
were calculated from these scores by using the two-high threshold theory (35). A response bias >0.5 was considered a liberal bias;
a response bias <0.5 was considered a conservative bias. Median
reaction time for correct responses indexed psychomotor speed.
Analysis of variance with one grouping factor (diagnosis) was
used to test the effect of schizophrenia on performance.
http://ajp.psychiatryonline.org
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FIGURE 1. Illustration of Word Presentation During Word Encoding and Word Recognition Tasksa
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Encoding stimuli included a left arrow at the bottom of the page to remind participants to make a left button press when the word was presented. In the word recognition task, arrows reminded participants to make a left button press if they thought they had seen the word before
(targets) and a right button press if the word had not been previously presented (foils). In both tasks, words were presented for 3 seconds
followed by a visual fixation cross-hair that was presented from 1 to 13 seconds (jittered interstimulus interval).

Functional images were preprocessed in MEDx (Sensor Systems, Sterling, Va.) by using standard procedures (28). Images
were motion corrected (36), proportionally scaled (37), and bandpass filtered (0.016–0.166 Hz) (38). Talairach (31) transformation
occurred in two steps. First, a least-squares surface registration
algorithm (39) was used to coregister raw functional images to the
structural localizer. Second, a nonlinear transformation into
Talairach space was done on the basis of commissural landmarks
identified by a trained investigator. The transformed data were
spatially smoothed (8 mm full width at half maximum, isotropic
spatial resolution).
Statistical analysis was carried out in two stages. First, a multiple linear regression model was used to estimate the hemodynamic response. Predictor variables were a set of lagged indicators of stimulus type (target, foil, crosshair) associated with each
scan. Convolution with a priori hemodynamic response functions
was not required. Assumptions were 1) that temporally overlapping hemodynamic responses elicited by adjacent stimuli add together linearly and 2) that hemodynamic response to an individual stimulus is negligible after 16 seconds. Both assumptions are
supported for interstimulus intervals of ≥2000 msec (40). The resulting regression coefficients (beta parameters) represented unbiased estimators of incremental hemodynamic responses at
each time point, beginning 4 seconds before stimulus presentation and continuing for 16 seconds poststimulus.
In the second stage, beta parameters were treated as subject
data for a multisubject analysis with SPM 99 (41). To identify significant stimulus-related activity, averaged poststimulus peak responses (beta parameters 2, 4, and 6 seconds after stimulus onset) were contrasted to averaged prestimulus baseline responses
(beta parameters 2 and 4 seconds before stimulus onset). Contrasts were performed both within and between groups. Withingroup contrasts were performed on the whole brain. For betweengroup analyses, inclusive maps were used in SPM 99 to restrict
contrasts to voxels with above-threshold responses for either
group. The resulting SPM{T} maps were transformed to the unit
normal distribution SPM{Z}. Significance thresholds were based
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on spatial extent (k) and peak height (u) (42). We used a height
threshold corresponding to an uncorrected p value of 0.005, which
required a minimum of eight voxels in any individual cluster. This
selection resulted in a corrected probability of p<0.05, based on
the theory of Gaussian fields (42, 43).

Results
Performance
Performance data are summarized in Table 1. All participants were attentive during encoding, and there were no
group differences in number of button presses or reaction
times. When asked about strategies for encoding, eight
comparison subjects and one patient reported making
word associations. The remaining subjects either could not
describe a strategy or reported using rehearsal or visualization. Recognition discriminability was lower for the patients. However, there was no difference in reaction time or
response bias, and both groups maintained a conservative
bias. Patients had more difficulty correctly identifying targets (correct “yes” responses) than correctly rejecting foils
(correct “no” responses). There were no significant correlations between performance and medication dose nor any
differences in reaction time (T=0.5, df=9, p=0.60), discriminability (T<0.1, df=9, p=0.96), or response bias (T=0.1, df=
9, p=0.88) between patients who received typical versus
atypical medications.

Task-Related BOLD Change
Word encoding. Because of group differences in recognition discriminability, analysis was restricted to correctly
recognized words. Table 2 presents local maxima for enAm J Psychiatry 161:6, June 2004
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TABLE 1. Performance During Word Encoding and Recognition Tasks for Patients With Schizophrenia and Healthy
Comparison Subjects
Patients (N=14)
Task and Performance Measurea
Encoding
Correct button presses
Reaction time (msec)
Recognition
Discriminability scoreb
Response bias scoreb
Reaction time (msec)
True positives (correct “yes” responses)
True negatives (correct “no” responses)
False positives (incorrect “yes” responses)
False negatives (incorrect “no” responses)

Comparison Subjects (N=15)

Analysis

Mean

SD

Mean

SD

F (df=1, 27)

p

51.9
1126.9

11.8
429.6

57.3
1182.3

6.2
544.1

2.4
0.1

0.13
0.76

47.2
0.42
1146.8
21.5
22.8
6.8
7.8

21.6
0.28
199.1
5.5
7.7
7.2
5.5

69.9
0.39
1134.2
25.3
26.1
3.7
4.5

24.0
0.21
236.0
3.4
5.0
5.0
3.2

7.1
0.1
<0.1
5.2
1.8
1.9
4.0

0.01
0.71
0.88
0.03
0.18
0.17
0.06

a

The Penn Word Recognition Test (8, 21), adapted for event-related functional magnetic resonance imaging, was used to test word encoding
and recognition. The test consisted of 30 target words and 30 foil words from a standard word list that were presented visually for 3 seconds,
with interstimulus intervals ranging from 1 to 13 seconds. During encoding, targets were presented twice in pseudorandom order for a total
of 60 trials. Participants were asked to try to remember the words (explicit encoding) and make a left button press every time a word was
presented. The recognition task used the same timing parameters and also consisted of 60 trials with pseudorandom presentation of the 30
targets and 30 foils. Participants were asked to make a left button press if they had seen the word during the encoding task and a right button
press if the word had not been previously presented.
b Recognition discriminability (recognition accuracy) and response bias were calculated by using the Two-High Threshold Theory (35). A higher
discriminability score indicated greater accuracy. A response bias >0.5 was considered a liberal bias; a response bias <0.5 was considered a
conservative bias.

coding. As in previous studies (8, 21), the comparison
subjects had extensive frontal activation, including activation in the left frontal pole (Brodmann’s area 10), left
dorsolateral prefrontal cortex (Brodmann’s area 9, 46), bilateral Broca’s area (Brodmann’s area 6, 9, 44), and right
supplementary motor regions (Brodmann’s area 6). The
comparison subjects also had activation in the posterior
cingulate (Brodmann’s area 23) and the bilateral visual association cortices (Brodmann’s area 18, 37). Activation in
the patients was more diffuse. Like the comparison subjects, the patients activated the left Broca’s area (Brodmann’s area 44), left frontal pole (Brodmann’s area 9, 10),
and left visual association areas (Brodmann’s area 37, 19).
However, the patients did not activate the left dorsolateral
prefrontal cortex, and they showed extensive bilateral activation of primary and supplementary sensorimotor areas (Brodmann’s area 2, 3, 4, 6). Unlike the comparison
subjects, the patients activated the left anterior cingulate
(Brodmann’s area 32), left superior temporal gyrus (Brodmann’s area 22), right parahippocampal gyrus (Brodmann’s area 28), right thalamus, and left parietal cortex
(Brodmann’s area 40).
Between-group contrasts (Table 2, Figure 2) revealed
that the comparison subjects had greater frontal activation in the left (Brodmann’s area 9, 6) and right dorsolateral prefrontal cortex (Brodmann’s area 46). The comparison subjects also had greater activation in the left insula
(Brodmann’s area 13), right putamen, and left superior parietal cortex (Brodmann’s area 7). The patients showed
greater temporal-limbic activation, including activation in
the left inferior temporal gyrus (Brodmann’s area 37), right
middle temporal gyrus (Brodmann’s area 21), and bilateral
parahippocampal gyrus (Brodmann’s area 19, 30). Patients
also had greater activation in left motor region (BrodAm J Psychiatry 161:6, June 2004

mann’s area 4) and right visual association area (Brodmann’s area 17, 37).
Word recognition. Table 3 presents local maxima for
correct word recognition. The comparison subjects again
had extensive prefrontal cortex activation, including activation in the left frontal pole (Brodmann’s area 10), bilateral dorsolateral (Brodmann’s area 9, 46), and bilateral
Broca’s area (Brodmann’s area 6, 9, 44). The comparison
subjects also showed bilateral activation of insula (Brodmann’s area 13), thalamus, superior parietal cortex (Brodmann’s area 7), and primary (Brodmann’s area 1, 6) and
supplementary motor areas (Brodmann’s area 6, 8, 9). The
patients also had activation in the bilateral sensorimotor
(Brodmann’s area 2, 4, 6) and thalamic regions. However,
instead of having anterior and dorsolateral prefrontal cortex activation, the patients showed bilateral orbitofrontal
activation (Brodmann’s area 10, 11). Patients also activated
the left superior (Brodmann’s area 19, 38) and middle temporal (Brodmann’s area 19) regions and the bilateral visual
association areas (Brodmann’s area 7, 18, 37).
Between-group contrasts (Table 3, Figure 3) found
greater activation in the comparison subjects in the left
frontopolar (Brodmann’s area 10) and dorsolateral (Brodmann’s area 9, 46) prefrontal cortex. The comparison subjects also had larger effects in the bilateral sensorimotor
areas (Brodmann’s area 3, 6, 8), right insula (Brodmann’s
area 13), bilateral thalamus, and bilateral superior parietal
regions (Brodmann’s area 7). The analysis of activation in
the patients minus activation in the comparison subjects
again revealed group differences in the left sensorimotor
areas (Brodmann’s area 3, 4, 6). The patients also had more
activation in the left orbitofrontal region (Brodmann’s area
11), left middle temporal gyrus (Brodmann’s area 38), and
right precuneus (Brodmann’s area 7).
http://ajp.psychiatryonline.org
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TABLE 2. Local Maxima of Blood-Oxygen-Level-Dependent fMRI Signal Change During Word Encoding in Healthy
Comparison Subjects and Patients With Schizophreniaa
Coordinatesc
Group and Region
Comparison subjects (N=15)
Left superior frontal gyrus

Estimated Brodmann’s Area

Left inferior frontal gyrus
Right inferior frontal gyrus
Right medial frontal gyrus
Left cingulate gyrus/cuneus
Left fusiform gyrus
Right inferior occipital gyrus
Patients (N=14)
Left inferior frontal gyrus
Left superior frontal gyrus
Left precentral gyrus
Left postcentral gyrus
Right postcentral gyrus
Left medial frontal gyrus
Left cingulate gyrus
Left superior temporal gyrus
Right parahippocampal gyrus
Right thalamus
Left inferior parietal lobule
Left fusiform gyrus
Comparison subjects > patients
Right middle frontal gyrus
Left middle/precentral gyrus
Left insula
Right putamen
Left superior parietal lobule
Patients > comparison subjects
Left precentral gyrus
Left inferior temporal gyrus
Right middle temporal gyrus
Left parahippocampal gyrus
Right parahippocampal gyrus
Right cuneus
Right middle occipital gyrus

z

Scoreb

x

y

z

10
9, 46
6, 44
9, 44
6
23
37
18

4.28
3.30
6.11
5.86
5.82
3.58
5.42
4.89

–32
–28
–44
40
4
–12
–40
40

54
42
2
6
2
–74
–62
–86

12
28
32
28
52
12
–12
–8

44
9
10
4
2
3
6
32
22
28

3.66
3.46
3.33
5.70
3.58
3.23
3.45
3.12
3.96
3.52
3.51
3.65
6.21

–48
–32
–28
–40
–52
56
–4
0
–52
24
20
–64
–40

6
54
58
–10
–26
–18
–6
18
6
–26
–26
–30
–58

32
32
24
56
48
24
56
36
4
–8
0
28
–12

7

4.61
3.09
4.88
5.27
3.39

40
–40
–32
20
–32

38
2
22
18
–70

16
36
12
4
52

4
37
21
19
30
17
37

3.57
4.09
3.83
4.35
4.67
4.25
3.57

–28
–44
52
–28
8
20
40

–22
–42
–34
–50
–42
–90
–66

68
–8
0
–4
–4
8
4

40
37, 19
46
9, 6
13

a Value during word encoding for correctly recognized words.
b Peak activation in a cluster of at least eight voxels in which
c

the difference in signal change exceeded an extent and threshold corrected p
value of 0.05.
Coordinates from the stereotaxic atlas of Talairach and Tournoux (31).

Retrieval success. Successful retrieval (Table 4) was investigated by contrasting the BOLD response for the correctly identified targets with that for the correctly identified foils. This analysis did not include one patient who
had no correct “no” responses. The comparison subjects
had activation in the left dorsolateral prefrontal cortex
(Brodmann’s area 9) and bilateral inferior parietal gyrus
(Brodmann’s area 40) and precuneus (Brodmann’s area 7).
Activation was more diffuse in the patients. In the frontal
cortex, patients had activation in the left anterior prefrontal cortex (Brodmann’s area 10) and the bilateral
orbitofrontal (Brodmann’s area 11) and motor regions
(Brodmann’s area 4). They also activated the left middle
temporal gyrus (Brodmann’s area 22), left posterior cingulate, and bilateral visual association areas (Brodmann’s
area 7, 18, 20).
Between-group contrasts (Table 4, Figure 4) showed that
retrieval success was related to greater right dorsolateral
prefrontal cortex activation (Brodmann’s area 9) in the
comparison subjects than in the patients. The patients
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showed greater activation in the bilateral orbitofrontal
(Brodmann’s area 11), left superior frontal (Brodmann’s
area 8), left parahippocampal (Brodmann’s area 30), right
middle temporal (Brodmann’s area 21), and right inferior
parietal regions (Brodmann’s area 40).

Discussion
The current study reproduces our earlier PET findings
(21) of dorsolateral prefrontal cortex dysfunction in patients with schizophrenia during word encoding and recognition. Whereas dorsolateral prefrontal cortex dysfunction was restricted to the left hemisphere during PET, in
the current study there was evidence in the patients of bilateral deficits during encoding, left hemisphere impairments during recognition, and right-sided dysfunction
during retrieval success. In accord with earlier correlational results, the patients relied on a more distributed set
of temporal-limbic and posterior regions, suggesting possible use of a language-based compensatory network (44).
Am J Psychiatry 161:6, June 2004
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FIGURE 2. Brain Images Showing Differences Between Comparison Subjects (N=15) and Patients With Schizophrenia (N=
14) in Blood-Oxygen-Level-Dependent fMRI Signal Change During Word Encodinga
Comparison Subjects > Patients
Anterior view

Posterior view

Right view

Left view

Patients > Comparison Subjects

a

Anterior view

Posterior view

Right view

Left view

Statistical parametric maps are surface-rendered on smoothed brain images. Significant differences in the maxima of activation in which the
value for the comparison subjects exceeded that for the patients (upper panel) were found for the right middle frontal gyrus, left middle/precentral gyrus, left insula, left superior parietal lobule, and right putamen. Significant differences in which the value for the patients exceeded
that for the comparison subjects (lower panel) were found for the bilateral parahippocampal gyrus, left inferior temporal gyrus, left precentral gyrus, right middle temporal gyrus, right middle occipital gyrus, and right cuneus. The coronal slice images show greater activation in the
patients in the left parahippocampal gyrus (upper coronal image; peak activation: y=–50) and right parahippocampal gyrus (lower coronal
image; peak activation: y=–42). Colored areas indicate a difference in signal change that exceeds a threshold corresponding to a corrected p
value of 0.05.

As found previously, there was no group difference in right
anterior prefrontal cortex activation during recognition,
suggesting that the associated episodic retrieval mechanism (45) is relatively intact in patients with schizophrenia. In contrast to our prior findings of less activation in
the superior and mesial temporal cortex in patients with
schizophrenia, the current study found that patients had
Am J Psychiatry 161:6, June 2004

greater temporal-limbic activation than comparison subjects during word encoding and recognition and during
successful retrieval.
The dorsolateral prefrontal cortex was the frontal lobe
area most clearly disabled by schizophrenia. Reproducing
this result supports the importance of this region to episodic verbal memory and to schizophrenia pathophysiolhttp://ajp.psychiatryonline.org
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TABLE 3. Local Maxima of Blood-Oxygen-Level-Dependent fMRI Signal Change During Word Recognition in Healthy Comparison Subjects and Patients With Schizophreniaa
Coordinatesc
Group and Region
Comparison subjects (N=15)
Left superior frontal gyrus
Left middle frontal gyrus
Right middle frontal gyrus
Left inferior frontal gyrus
Right inferior frontal gyrus
Left middle frontal gyrus
Right middle frontal gyrus
Left medial frontal gyrus
Right medial frontal gyrus
Right precentral gyrus
Right postcentral gyrus
Left insula
Right insula
Left thalamus
Right thalamus
Left superior parietal lobule
Right superior parietal lobule
Patients (N=14)
Right middle frontal gyrus

Estimated Brodmann’s Area

Left precentral gyrus
Right postcentral gyrus
Left medial frontal gyrus
Left superior temporal gyrus
Left middle temporal gyrus
Left thalamus
Right thalamus
Left fusiform gyrus
Left lingual gyrus
Right lingual gyrus
Left middle occipital gyrus
Right middle occipital gyrus
Right precuneus
Comparison subjects > patients
Left middle frontal gyrus
Right precentral gyrus
Right postcentral gyrus
Right insula
Left thalamus
Right thalamus
Left superior parietal lobule
Right superior parietal lobule
Patients > comparison subjects
Right middle frontal gyrus
Left precentral gyrus
Left postcentral gyrus
Left medial frontal gyrus
Left middle temporal gyrus
Right precuneus

x

y

z

3.76
3.81
4.24
8.16
4.00
3.68
3.92
6.06
6.87
4.23
5.71
5.23
6.15
5.57
4.94
5.78
5.68

–36
–32
52
–44
40
–36
56
0
4
44
48
–32
32
–8
8
–28
20

50
42
22
2
6
38
10
–2
14
–6
–22
18
22
–14
–14
–58
–62

16
28
28
32
32
40
40
52
44
52
56
8
4
12
12
52
60

3.97
3.32
6.68
4.65
6.76
4.32
4.45
3.69
3.29
5.00
2.78
3.44
4.42
5.53
6.84

28
28
–28
32
–4
–32
–40
–12
16
–40
–4
4
–24
28
28

38
54
–10
–30
–2
6
–82
–22
–18
–58
–70
–62
–86
–90
–54

–20
–12
52
44
52
–44
16
8
8
–12
–8
–4
20
12
52

7
7

3.36
3.53
2.93
3.86
4.93
3.30
4.03
4.26
4.07
3.71

–44
–32
–40
64
52
32
–4
4
–24
16

50
42
34
–18
–18
22
–10
–6
–62
–62

12
28
40
40
56
4
16
16
64
64

11
4, 6
3
6
38
7

3.87
3.87
2.80
3.49
3.26
3.92

28
–40
–28
–12
–32
28

38
–14
–30
–18
2
–50

–20
56
68
56
–44
48

10
9, 46
9
6, 44
9, 44
8
8, 9
6
6
6
1
13
13
7
7
11
10
6, 4
2
6
38
19
37
18
18
18
18
7
10
9, 46
8
6
3
13

z

Scoreb

a Value during word recognition for correctly recognized words.
b Peak activation in a cluster of at least eight voxels in which the
c

difference in signal change exceeded an extent and threshold corrected p
value of 0.05.
Coordinates from the stereotaxic atlas of Talairach and Tournoux (31).

ogy (21, 46). In contrast, there was no group difference in
the left Broca’s area during encoding. Unimpaired activity
in Broca’s area has been noted in other schizophrenia
studies and attributed to intact verbal rehearsal in shortterm memory (47) (see reference 48 for exception). Discrepant effects of schizophrenia on the left dorsolateral
prefrontal cortex and Broca’s activity may reflect encoding
strategies found in patients. On the basis of self-report, the
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comparison subjects relied more frequently on associative
semantic processing, which is linked with left dorsolateral
prefrontal cortex function (9). In contrast, the patients
may have relied on verbal rehearsal mediated by Broca’s
area (49). Previous findings that patients with schizophrenia benefit from semantic encoding in a levels-of-processing paradigm (18, 19, 50) suggest that failure to encode
words semantically relates to difficulties in generating orAm J Psychiatry 161:6, June 2004
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FIGURE 3. Brain Images Showing Differences Between Comparison Subjects (N=15) and Patients With Schizophrenia (N=
14) in Blood-Oxygen-Level-Dependent fMRI Signal Change During Word Recognitiona
Comparison Subjects > Patients
Anterior view

Posterior view

Right view

Left view

Patients > Comparison Subjects

a

Anterior view

Posterior view

Right view

Left view

Statistical parametric maps are surface-rendered on smoothed brain images. Significant differences in the maxima of activation in which the
value for the comparison subjects exceeded that for the patients (upper panel) were found for the left middle frontal gyrus, right precentral
gyrus, right postcentral gyrus, right insula, bilateral thalamic regions, and bilateral superior parietal regions. Significant differences in which
the value for the patients exceeded that for the comparison subjects (lower panel) were found for the right middle frontal gyrus, left precentral gyrus, left postcentral gyrus, left medial frontal gyrus, left middle temporal gyrus, and right precuneus. The sagittal slice images show
greater activation in the comparison subjects in the left thalamus (upper sagittal image; peak activation: x=–4) and right thalamus (lower sagittal image; peak activation: x=4). Colored areas indicate a difference in signal change that exceeds a threshold corresponding to a corrected
p value of 0.05.

ganizational strategies (51) rather than to an inability to
process words semantically.
Dorsolateral prefrontal cortex dysfunction in patients
extended to the right hemisphere during encoding and
successful retrieval. This dysfunction was not found in
our earlier PET study and should be viewed with caution. Recent event-related fMRI studies of successful reAm J Psychiatry 161:6, June 2004

trieval in healthy individuals (52, 53) have suggested
that the right dorsolateral prefrontal cortex is important
for postretrieval monitoring (e.g., monitoring the relevance of the retrieved information). Rather than engaging in this evaluative processing, the patients may have
focused on processing the stimulus characteristics of
the words, as they showed greater activation than the
http://ajp.psychiatryonline.org
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TABLE 4. Local Maxima of Blood-Oxygen-Level-Dependent fMRI Signal Change During Successful Word Retrieval in Healthy
Comparison Subjects and Patients With Schizophreniaa
Coordinatesc
Group and Region
Comparison subjects (N=15)
Left middle frontal gyrus
Left inferior parietal gyrus
Right inferior parietal gyrus
Left precuneus
Right precuneus
Patients (N=13)
Left orbital frontal gyrus
Right middle frontal gyrus

Estimated Brodmann’s Area

Left middle frontal gyrus
Left precentral gyrus
Right precentral gyrus
Left middle temporal gyrus
Right fusiform gyrus
Left posterior cingulate
Left middle occipital gyrus
Left superior parietal lobule
Right superior parietal lobule
Right precuneus
Comparison subjects > patients
Right middle frontal gyrus
Patients > comparison subjects
Left medial frontal gyrus
Right middle frontal gyrus
Left superior frontal gyrus
Left parahippocampal gyrus
Right middle temporal gyrus
Right inferior parietal lobule

x

y

z

9
40
40
7
7

3.80
3.70
3.30
3.38
3.70

–48
–56
48
–16
20

18
–34
–38
–66
–62

28
36
56
48
56

11
11
11
10
4
4
22
20
18
7
7
7

3.46
3.36
3.22
4.61
6.31
4.73
4.22
3.99
3.08
3.23
3.64
5.70
3.40

–8
36
8
–36
–28
16
68
44
0
–28
–28
40
12

30
34
54
50
–22
–26
–42
–22
–50
–94
–50
–58
–66

–28
–16
–16
20
64
72
4
–24
8
8
44
52
36

9

3.11

40

18

36

11
11
8
30
21
40

3.61
3.66
3.33
3.14
3.79
4.02

8
36
–36
–12
60
44

54
34
22
–42
–58
–54

–16
–16
48
–8
0
52

a Value during word recognition for correct versus incorrect words.
b Peak activation in a cluster of at least eight voxels in which the difference
c

z

Scoreb

in signal change exceeded an extent and threshold corrected p

value of 0.05.
Coordinates from the stereotaxic atlas of Talairach and Tournoux (31).

comparison subjects in sensorimotor and visual association areas.
Within the prefrontal cortex, the patients also showed
several areas of overactivation. Activity in left frontal pole
was unimpaired in the patients during encoding. The patients also overactivated the orbitofrontal cortex during
recognition and retrieval success. Heckers and colleagues
(18, 19) also found frontopolar and orbitofrontal overactivation in schizophrenia. Given patients’ better performance for words that had undergone shallow perceptual
versus deep semantic processing, the investigators attributed this overactivation to greater retrieval effort (18). This
relationship also seems to exist in the patients in the current study, for whom the use of a less efficient encoding
strategy may have led to greater retrieval effort. Regional
group differences within the prefrontal cortex clarify the
need to examine effects in specific subregions, as has been
done in recent studies of working memory and episodic
memory (10, 11), and illustrate that not all aspects of prefrontal cortex are equally affected by schizophrenia. The
dynamic nature of these abnormalities (both under- and
overactivation) in patients suggests a disruption in the
modulation of prefrontal cortex function in schizophrenia
rather than a focal lesion in which the prefrontal cortex is
unable to participate in memory processing.
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Evidence of temporal-limbic overactivation in patients
should be viewed with caution, as it does not replicate our
earlier PET findings. However, there are several methodological reasons why hippocampal activity is not always
detected by PET (13), and the low temporal resolution of
our PET method may account for this inconsistency. Nevertheless, dorsolateral prefrontal cortex underactivation
and parahippocampal overactivation in patients suggest
that the normal functional connectivity of prefrontal and
temporal-limbic structures is disrupted or reversed by
schizophrenia (15, 16). The direction of this reversal has
varied, with some studies showing the current pattern (17,
54) and others showing less hippocampal activation and
greater prefrontal cortex activation (18, 19). Findings of
both prefrontal cortex and hippocampal abnormalities
should not be surprising, given the strong reciprocal connections between the hippocampus and the neocortex
(55). Neurodevelopmental hippocampal abnormalities in
schizophrenia may mimic adult prefrontal cortex lesions
since the hippocampus is a gateway for efferent pathways
from the prefrontal cortex to the nucleus accumbens (56).
This study had several limitations. Hippocampal activation was not seen in the comparison subjects, as in several
previous studies (18, 19). However, unlike prior studies,
our study did not test recall and did not manipulate the
encoding level. Eldridge and colleagues (57) demonAm J Psychiatry 161:6, June 2004

RAGLAND, GUR, VALDEZ, ET AL.
FIGURE 4. Brain Images Showing Differences Between Comparison Subjects (N=15) and Patients With Schizophrenia (N=
13) in Blood-Oxygen-Level-Dependent Signal Change During Successful Word Retrievala
Comparison Subjects > Patients
Anterior view

Posterior view

Right view

Left view

Patients > Comparison Subjects

a

Anterior view

Posterior view

Right view

Left view

Statistical parametric maps are surface-rendered on smoothed brain images. Significant differences in the maxima of activation for which the
value for the comparison subjects exceeded that for the patients (upper panel) were found for the right middle frontal gyrus. Significant differences in which the value for the patients exceeded that for the comparison subjects (lower panel) were found for the left medial frontal
gyrus, right middle frontal gyrus, left superior frontal gyrus, left parahippocampal gyrus, right middle temporal gyrus, and right inferior parietal lobule. The coronal slice image shows greater activation in the patients in the left parahippocampal gyrus (peak activation: y=–42). The
colored area indicates a difference in signal change that exceeds a threshold corresponding to a corrected p value of 0.05.

strated that the hippocampus is engaged during retrieval
only when subjects are required to make a conscious recollection. Lack of activation may reflect the use of a familiarity-based strategy. Another potential limitation is that
patients were receiving medication. However, in our PET
study we did not find any differences between medicated
and unmedicated patients (21), and in the current study
medication dose did not correlate with performance. Others have also been unable to find medication effects on
Am J Psychiatry 161:6, June 2004

prefrontal or mesial temporal function in schizophrenia
(18, 19, 58) (see reference 59 for exception). Because of the
small size of the medication subgroups in our study, we
were unable to contrast fMRI results for patients who
received typical versus atypical medications. Although
performance did not differ between these medication
subgroups, this issue deserves further attention, given
findings suggesting differences in the effect of typical and
atypical agents on cerebral blood flow in schizophrenia
http://ajp.psychiatryonline.org
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(60). Finally, the current paradigm did not constrain encoding and retrieval conditions. We chose this approach
because our initial goal was to assess reproducibility of a
previously established paradigm. This lack of constraint
had the advantage of revealing putative differences in
strategic processes. Further studies employing levels-ofprocessing encoding conditions (61) and source memory
(62) tasks will better clarify the role of encoding and retrieval strategies in episodic memory and related frontotemporal function in schizophrenia.
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