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Patients with schizophrenia (n � 41) and healthy comparison participants (n � 46) completed neuro-
psychological measures of intelligence, memory, and executive function. A subset of each group also
completed magnetic resonance diffusion tensor imaging (DTI) studies (fractional anisotropy and cross-
sectional area) of the uncinate fasciculus (UF) and cingulate bundle (CB). Patients with schizophrenia
showed reduced levels of functioning across all neuropsychological measures. In addition, selective
neuropsychological–DTI relationships emerged. Among patients but not controls, lower levels of
declarative–episodic verbal memory correlated with reduced left UF, whereas executive function errors
related to performance monitoring correlated with reduced left CB. The data suggested abnormal DTI
patterns linking declarative–episodic verbal memory deficits to the left UF and executive function
deficits to the left CB among patients with schizophrenia.

Schizophrenia invariably compromises various aspects of cog-
nition most commonly measured and documented with standard-
ized clinical neuropsychological tests (e.g., Bilder, Mukherjee,
Reider, & Pandurangi, 1985; Goldberg et al., 1990). As with other
dimensions of the disease, neuropsychological test patterns are
often marked by considerable heterogeneity. Arguably most com-
mon, particularly for chronic but also for first-episode conditions
(Bilder et al., 2000; Mohamed, Paulsen, O’Leary, Arndt, & An-
dreasen, 1999), is a test pattern marked by general diminution of
scores across various broad domains of cognition (Blanchard &
Neale, 1994; Braff et al., 1991). Most pronounced deficits are

typically evident on measures of working memory, verbal mem-
ory, and learning and executive functions that serve to guide action
and thought (Bilder et al., 2000; Saykin et al., 1991, 1994). These
various patterns of neuropsychological decline appear to have a
relatively stable course (Heaton et al., 2001) and are not attribut-
able to medication (Blanchard & Neale, 1994) or changes in
personality, motivation, or transient mental state. Rather, these
neuropsychological deficits are thought to represent a central and
enduring characteristic of the disease or what might be considered
a signature disturbance in processing of information, elements of
which might even predate illness onset (Cornblatt & Kelip, 1994;
Cornblatt, Obuchowski, Schnur, & O’Brien, 1998; Erlenmeyer-
Kimling et al., 2000; Hans et al., 1999).

Wernicke (1906) was the first to propose that schizophrenia
might alter the connectivity of distributed brain networks that are
diverse in function and work in concert to support various cogni-
tive abilities and their constituent operations (see also McGuire &
Frith, 1996). Two important anatomically and functionally con-
nected networks, frontal–temporal and dorsolateral prefrontal–
cingulate, have been implicated in the neuropsychological distur-
bance of schizophrenia (Bilder et al., 2000; Carter, MacDonald,
Ross, & Stenger, 2001; Weinberger, Berman, & Illowsky, 1988;
Weinberger, Berman, & Rec, 1986; Weinberger, Berman, Sud-
dath, & Torrey, 1992; Woodruff et al., 1997). The frontal–tempo-
ral network includes the inferior frontal and anterior temporal
areas reciprocally connected via the uncinate fasciculus (UF),
considered the major fiber tract linking these two cortical regions
(Ebeling & von Cramon, 1992; Highley et al., 2001; Petrides &
Pandya, 1988; Ungerleider, Gaffan, & Pelak, 1989). An important
function of this network is to bind stimuli into specific episodes
that can be later retrieved and consciously recollected (Squire &
Zola-Morgan, 1991). Another important network, the dorsolateral
prefrontal–cingulate network, is reciprocally connected via the
cingulate bundle (CB), particularly the anterior–agranular, motor-
related portion of the cingulate gyrus, as well as the amygdala,

Paul G. Nestor, Clinical Neuroscience Division, Laboratory of Neuro-
science, Boston Veterans Affairs Health Care System—Brockton Division,
Brockton, Massachusetts; Department of Psychiatry, Harvard Medical
School; and Department of Psychology, University of Massachusetts at
Boston. Marek Kubicki, Melissa Frumin, and Martha E. Shenton, Clinical
Neuroscience Division, Laboratory of Neuroscience, Boston Veterans Af-
fairs Health Care System—Brockton Division; and Surgical Planning
Laboratory, MRI Division, Department of Radiology, Brigham and Wom-
en’s Hospital, Harvard Medical School. Ronald J. Gurrera, Margaret Nizni-
kiewicz, and Robert W. McCarley, Clinical Neuroscience Division, Lab-
oratory of Neuroscience, Boston Veterans Affairs Health Care System—
Brockton Division; and Department of Psychiatry, Harvard Medical
School.

This work was supported by a National Alliance for Research on
Schizophrenia Young Investigator Award to Paul G. Nestor; a Kosciuszko
Foundation Research Award to Marek Kubicki; National Institutes of
Health Grants K02 MH 01110 and R01 MH 50747 to Martha E. Shenton
and Grant R01 MH 40799 to Robert W. McCarley; Department of Veterans
Affairs Merit Awards to Martha E. Shenton, Margaret Niznikiewicz, Paul
G. Nestor, and Robert W. McCarley; and a National Center for Research
Resources and Veterans Affairs Psychiatry/Neuroscience Research Fellow-
ship Award to Melissa Frumin.

Correspondence concerning this article should be addressed to Paul G.
Nestor, Psychiatry 116A, Brockton Veterans Affairs Medical Center, 940
Belmont Street, Brockton, MA 02301. E-mail: paul.nestor@umb.edu

Neuropsychology In the public domain
2004, Vol. 18, No. 4, 629–637 DOI: 10.1037/0894-4105.18.4.629

629



nucleus accumbens, and medial dorsal thalamus (Goldman-Rakic,
Selemon, & Schwartz, 1984; Pandya & Seltzer, 1982; Vogt,
Rosene, & Pandya, 1979). An important property of this network
is that it extracts information about task regularities and contin-
gencies so that rules can be acquired to guide thought and action
(Miller, 2000).

A new technological advancement in MRI, diffusion tensor
imaging (DTI), provides a direct measure (beyond conventional
MRI capacity) to assess the integrity of brain fiber tracts (Basser,
Mattiello, & LeBihan, 1994), such as the UF and CB, that serve as
structural connections for particular brain networks. DTI assesses
white matter brain fiber tracts by examining the movement of
water molecules as a function of the degree of density and coher-
ence of local tissue components such as cell membranes, axons,
and organelles (Basser et al., 1994; Basser & Pierpaoli, 1996;
Papadakis et al., 1999). For example, the coherent orientation of
axons constrains the movement of water molecules preferentially
along the main pathways of fiber tracts. DTI uses a scalar measure,
referred to as fractional anisotropy, to quantify the extent to which
water diffuses in a discernible and coherent direction. Higher
values reflect greater directionality and coherence of the fiber tract,
whereas lower values reflect greater random movement of water
and thus reduced directionality of the fiber tract. Fractional anisot-
ropy values therefore provide an objective, anatomically derived
measure of the structural and functional integrity of imaged white
matter fiber tracts.

For patients with schizophrenia, DTI studies have demonstrated
reduced fractional anisotropy of prefrontal and temporal white
matter (Buschbaum et al., 1998), of whole white matter (Lim et al.,
1999), and of the splenium of the corpus callosum (Foong et al.,
2000). In addition, more recent studies have demonstrated reduced
anatomical asymmetry of the left UF, along with bilaterally re-
duced fractional anisotropy and cross-sectional area of the CB,
among patients in relation to controls (Kubicki et al., 2002, 2003).
These and other related DTI abnormalities suggest that schizophre-
nia may be associated with abnormalities in the fiber tracts inter-
connecting anatomically and functionally distinct neural networks
of higher order cognition (e.g., Hirsch, Rodriguez Moreno, & Kim,
2001; Mesulam, 1990). More specifically, the findings of Kubicki
and colleagues (2002, 2003) provide anatomical evidence of dis-
turbances in the frontal–temporal and dorsolateral prefrontal–cin-
gulate networks, each an often-hypothesized anatomical locus of
schizophrenic neuropsychological disturbance (e.g., Bilder et al.,
2000; Carter et al., 2001; Weinberger et al., 1992).

The aims of the current study were twofold. First, we sought to
examine and compare the performance of schizophrenic patients
on neuropsychological measures thought to rely heavily on the
integrity of either the UF or CB network. Second, we sought to
examine, in a relatively small subset of individuals who had
previously completed DTI studies (Kubicki et al., 2002, 2003), the
relationship between neuropsychological performance on mea-
sures of memory and executive function and DTI measures (frac-
tional anisotropy and cross-sectional area) of the UF and CB. The
pivotal question investigated was whether previously demon-
strated DTI abnormalities of the UF and CB in patients with
schizophrenia are related to their performance on neuropsycholog-
ical tests of functions that are dependent on the integrity of each of
these fiber tracts.

We hypothesized that DTI abnormalities in the UF and CB
reflect disturbances in two functionally and anatomically distinct
neural networks linking the frontal–temporal and prefrontal–cin-
gulate regions, respectively, and that these DTI abnormalities will
correlate with different aspects of the neuropsychological perfor-
mance of patients with schizophrenia. Specifically, we predicted
that reduced scores on the Wechsler Memory Scale—Third Edi-
tion (WMS–III; Tulsky, Zhu, & Ledbetter, 1997; Wechsler, 1997),
a neuropsychological measure of declarative–episodic memory
involving encoding, retrieval, and recollection of new information,
would correlate with UF but not CB abnormalities in patients with
schizophrenia. We also predicted that reduced scores on the Wis-
consin Card Sorting Test (WCST; Heaton, 1981), a neuropsycho-
logical measure of executive functioning, would correlate with CB
but not UF abnormalities in patients with schizophrenia. These two
neuropsychological measures, though likely to recruit a common
pool of general working memory resources, are considered to
index distinct sets of abilities, with the WMS–III probing the
relationship between declarative memory and the UF, and the
WCST probing the relationship between executive function and
the CB.

Method

Participants

All of the participants were between the ages of 17 and 55 years,
right-handed, native speakers of English, without histories of electrocon-
vulsive therapy or neurological illness, and without alcohol or drug abuse
in the past 5 years, as assessed by the Addiction Severity Index (McClellan
et al., 1992). Diagnoses were ascertained with the Structured Clinical
Interview for DSM–IV Axis I Disorders—Patient Edition (SCID–P; First,
Spitzer, Gibbon, & Williams, 1997), along with chart review. All patients
were part of an ongoing comprehensive, longitudinal study of schizophre-
nia, and all were receiving neuroleptic medication; the mean chlorproma-
zine equivalent daily dose was 613.70 mg (SD � 370.62). Mean duration
of illness was 18.6 years (SD � 10.58).

Healthy comparison participants, recruited from newspaper advertise-
ments, completed the Structured Clinical Interview for DSM–IV Axis I
Disorders—Nonpatient Edition (SCID–NP; First et al., 1997) and were
matched to patients on the basis of age, sex, handedness, and parents’
socioeconomic status. Mean age did not differ significantly, t(81) � 0.78,
p � .439, between the patient group (45.5 years, SD � 8.43) and compar-
ison group (43.9 years, SD � 8.55). After the study had been described to
them, all of the participants provided written informed consent. In terms of
the neuropsychological assessment, 66 healthy controls and 59 patients
with schizophrenia completed the WCST, and 46 and 41 participants in
each of these groups, respectively, completed the third edition of the
Wechsler Adult Intelligence Scale (WAIS–III; Wechsler, 1997) and the
WMS–III. Of this group, 14 healthy controls and 14 patients with schizo-
phrenia also completed both DTI (Kubicki et al., 2002, 2003) and neuro-
psychological studies.

Procedure

Neuropsychological assessment. The neuropsychological assessment
included the WMS–III and WCST along with the WAIS–III. We computed
WAIS–III summary measures of intelligence (Full Scale, Verbal, and
Performance IQs) and factor analytically derived index scores for Verbal
Comprehension, Perceptual Organization, Working Memory, and Process-
ing Speed. The WMS–III provided the following index scores: Auditory
Immediate Memory, Visual Immediate Memory, Immediate Memory, Au-
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ditory Delayed Memory, Visual Delayed Memory, General–Delayed
Memory, Delayed Auditory Recognition, and Working Memory.

Participants also completed a computerized version of the WCST, which
measured the executive functions of planning, self-monitoring, and re-
sponse regulation. A computer display contained four stimulus cards,
below which test cards were presented one at a time. Participants sorted
each test card by placing it, via mouse response, under one of the four
stimulus cards. The to-be-sorted test cards differed along three dimensions:
color (red, green, yellow, or blue), form (triangle, star, cross, or circle), and
number, with each having from one to four triangles, stars, crosses, or
circles. Test cards were to be sorted on the basis of one of these three
dimensions. However, participants were not informed of the sorting prin-
ciple; rather, they had to deduce it on the basis of the computer feedback
of “ right” or “wrong.” After participants had completed 10 consecutive
correct trials, the sorting principle was then changed, unbeknown to the
participants, who then had to learn by deducing the new sorting principle
on the basis of only performance feedback. Three sorting principles (color,
form, and number) were tested twice, forming a total of six categories that
each required 10 consecutive responses for criterion. The WCST dependent
measures were number of Categories Completed (0–6), number of Perse-
verative Errors, and number of Nonperseverative Errors.

Diffusion tensor imaging. As described elsewhere in detail (Kubicki et
al., 2002), we applied line scan diffusion imaging to obtain fractional
anisotropy maps allowing us to measure the integrity of fibers within the
UF and CB. MRI scans used a quadrature head coil on a 1.5 Tesla GE
Echospeed system (General Electric Medical Systems, Milwaukee, WI)
that permits maximum gradient amplitudes of 40 mT/m. A set of three
orthogonal T1-weighted images were used as localizers (sagittal, axial
oblique aligned to the anterior commissure [AC-PC] line, and another
sagittal oblique aligned to the interhemispheric fissure). In each session, six
images were collected with high (1,000 s/mm2) diffusion weighting along
six noncollinear directions. For low (5 s/mm2) diffusion weighting, two
images were collected, providing an adequate sample in that diffusion-
related changes were minimal. Scan parameters were as follows: 220- �
165-mm rectangular field of view, 128 � 128 scan matrix (256 � 256
image matrix), 4-mm slice thickness, 1-mm interslice distance, �4-kHz
receiver bandwidth, 64-ms echo time, 81-ms repetition time (effective
repetition time: 2,592 ms), and 60 s per section scan time. The number of
coronal slices acquired to cover the entire brain ranged from 31 to 35
depending on brain size. After reconstruction, the diffusion-weighted im-
ages were transferred to a SUN Microsystems workstation for calculation
of eigenvalue, eigenvector, and fractional anisotropy maps of diffusion.

For the UF, we used one slice that cut the fiber tract in the densest
portion. To take into account brain torque, we selected one slice separately
for the left and right sides. For the CB, we selected eight consecutive slices,
starting from the level of the genu of the corpus callosum, and then entered
the mean values of the FA as well as the mean cross-sectional areas of the
fiber over the measured distance into our statistical comparisons (see
Figure 1). Figure 2 represents a coronal slice of the tensor map with an
automatically created region of interest (ROI) for our analysis. The ROI
was derived from automatic segmentation based on the fact that both UF
and CB within the measured area are parallel to the AC-PC line and appear
visible in the segmentation defined by the maximum diffusivity (lambda 1,
the largest eigenvalue of the diffusion tensor; 1 � 10�3 mm2/s was used as
the fixed threshold in all cases). In all cases, a point centered within each
fiber tract (separately for left and right) was selected, and FA was calcu-
lated. In addition, the areas of these fibers, derived from maximum diffu-
sivity segmentation, were calculated. We also calculated the degree of
motion-related artifacts within the segmented ROI. This measure was
defined as the number of lines missing in the raw line scan DTI data (six
directed diffusion images), and its comparison between patients with
schizophrenia and control participants revealed no statistically significant
differences in number of lines missing.

Statistical Analyses

Multivariate analyses of covariance (MANCOVAs) with education as
the covariate were used in group comparisons of the neuropsychological
data. We computed neuropsychological and DTI correlations separately for
each group using Pearson product–moment correlations, followed by par-
tial correlations controlling for total brain size as measured by intracranial
content. We then conducted parametric, hierarchical regression analyses to
partition the total variance of the dependent variable, neuropsychological
test score, among the independent variables, DTI measures of UF and CB.

To examine the unique contribution of UF and CB measures to neuro-
psychological test performance, we computed partial (rp) and semipartial
(rsp) correlations in a series of hierarchical regression analyses, allowing us
to evaluate significant univariate relationships by partitioning the total
variance of the dependent variable (neuropsychological test score) among
the independent variables (DTI measures of UF and CB). The squared
partial correlation (rp

2) represented the proportion of variance of a particular
neuropsychological test score shared by a specific DTI-derived brain
region (e.g., left UF) after the effects of the other DTI-derived brain regions
(e.g., left CB) had been removed from both the neuropsychological and
DTI measures (Cohen & Cohen, 1975). Calculation of this statistic allowed
us to answer the question, “What proportion of the remaining neuropsy-
chological variance (i.e., that which is not estimated by the other indepen-
dent variables in the equation) is uniquely estimated by this DTI measure?”

In contrast, the square of the semipartial correlation (rsp
2 ) estimated the

amount of neuropsychological variance uniquely shared with a particular
DTI measure after the effects of all other DTI measures on that particular
measure had been removed (Cohen & Cohen, 1975). It is labeled semi-
partial because the effects of the other independent variables have been
removed from the independent variable but not from the dependent vari-
able. In conjunction with the other linear regression statistics, partial and
semipartial correlations provided a comprehensive picture of how DTI
measures of the UF and CB relate to neuropsychological test scores when
collinearity is controlled. In all regression analyses, the F-to-enter proba-
bility was .05, and the F-to-exclude probability was .10. Significance levels
were two-tailed.

Results

Table 1 presents neuropsychological test summary scores for the
control and patient groups for each of the broad cognitive domains
sampled: intelligence, memory, working memory, and executive
function. For each domain, MANCOVAs (covarying for educa-
tion) revealed a significant overall multivariate effect for group. As

Figure 1. Single coronal slice of the fractional anisotropy map on which
the measurements for the uncinate fasciculus (white arrows) were per-
formed (left) and demonstration of the extent of our cingulate bundle
(structure above the corpus callosum marked with white arrow) measure-
ments (right).
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can be seen in Table 1, patients with schizophrenia generally
scored within the low-average range (80–89) on measures of
intelligence and memory, and control participants scored, as ex-
pected, in the average range (90–109).

On the WAIS–III Full Scale, Verbal, and Performance IQs,
MANCOVAs revealed a highly significant effect for group, F(1,
79) � 24.51, p � .001, but no significant interaction involving
scale type (Verbal or Performance IQ). The patient group scored
lower on both Verbal IQ (M � 86.20, SD � 12.73) and Perfor-
mance IQ (M � 81.46, SD � 10.47) summary measures than did
the control group (M � 109.28, SD � 12.86, and M � 103.33,
SD � 14.98, respectively). For the WAIS–III index scores,
MANCOVAs revealed a significant effect for group, F(1,
76) � 27.46, p � .001, but did not reveal a significant Group �
Index Score interaction.

A similar pattern of findings emerged on the WMS–III index
measures of memory. MANCOVAs revealed a highly significant
group effect for measures of Immediate Recall, F(1, 73) � 8.95,
p � .01, and Delayed Recall, F(1, 73) � 12.50, p � .001, but there
was no interaction involving either modality of presentation (au-
ditory or visual) or time interval (immediate or delayed). The
patient group scored lower on both Auditory Immediate Memory
(M � 81.09, SD � 20.42) and Visual Immediate Memory
(M � 81.12, SD � 18.50) than did the control group (M � 105.86,
SD � 13.64, and M � 99.83, SD � 16.12, respectively). Likewise,
for Delayed Recall, the patient group scored lower on both Audi-

Figure 2. Areas (highlighted in black) of the cingulate bundle (seen
above the corpus callosum, higher here) and uncinate fasciculus (at the
level of the anterior commissure, low here) derived from the automatic
segmentation (as described in the Method section) used for the fractional
anisotropy and cross-sectional area measurements.

Table 1
Neuropsychological Summary Scores for the Entire Sample and the DTI Subset of Patients With
Schizophrenia and Control Participants

Variable Patients Controls DTI patients DTI controls

Demographic information
Age (years) 40.73 � 11.13 40.35 � 10.01 40.73 � 7.17 41.94 � 6.58
Education (years) 12.48 � 1.93 15.01 � 2.19 12.00 � 2.53 16.22 � 2.71
SES 4.11 � 1.54 2.27 � 0.98 4.27 � 0.70 2.17 � 1.04
Parents’ SES 3.17 � 1.15 2.61 � 1.07 2.60 � 1.18 2.39 � 1.20

WAIS–III IQ
Full Scale 83.12 � 12.39 107.17 � 13.44 82.85 � 12.54 109.00 � 10.30
Verbal 86.20 � 12.73 109.28 � 12.86 84.33 � 14.65 109.47 � 10.19
Performance 81.46 � 10.47 103.33 � 14.98 81.83 � 10.32 107.80 � 13.42

WAIS–III index
Verbal Comprehension 88.41 � 13.06 109.05 � 11.64 87.62 � 14.81 108.00 � 9.78
Perceptual Organization 86.81 � 13.98 106.79 � 16.33 87.92 � 13.74 110.53 � 12.25
Working Memory 84.70 � 13.24 108.57 � 14.87 85.69 � 14.66 107.60 � 10.74
Processing Speed 78.84 � 9.20 104.19 � 15.28 77.92 � 9.42 102.64 � 13.96

WMS–III memory quotient
Immediate Memory 79.86 � 15.52 103.38 � 16.38 73.09 � 22.05 103.27 � 18.53
General Memory 83.00 � 15.10 103.79 � 21.26 76.45 � 20.63 104.13 � 18.29

WMS–III Index
Auditory Immediate 81.09 � 20.42 105.86 � 13.64 77.82 � 27.44 107.80 � 17.27
Visual Immediate 81.12 � 18.50 99.83 � 16.12 73.18 � 21.93 97.53 � 15.39
Auditory Delayed 84.53 � 18.92 107.86 � 11.13 80.82 � 25.21 108.13 � 12.41
Visual Delayed 82.74 � 19.89 103.10 � 15.97 76.18 � 23.96 101.07 � 19.54
Working Memory 88.03 � 15.97 107.90 � 16.33 87.40 � 14.62 112.33 � 15.02

WCST
Categories Completed 3.20 � 2.21 5.27 � 1.45 4.21 � 1.67 5.50 � 0.76
Perseverative Errors 32.55 � 22.59 13.12 � 13.42 25.00 � 17.03 10.93 � 6.07
Nonperseverative Errors 19.27 � 11.59 12.15 � 9.76 16.50 � 8.23 13.93 � 10.86

Note. Values are means plus or minus standard deviations. DTI � diffusion tensor imaging; SES � socio-
economic status; WAIS–III � Wechsler Adult Intelligence Scale—Third Edition; WMS–III � Wechsler
Memory Scale—Third Edition; WCST � Wisconsin Card Sorting Test.
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tory Delayed Memory (M � 84.53, SD � 18.92) and Visual
Delayed Memory (M � 82.74, SD � 19.89) than did the control
group (M � 107.86, SD � 11.13, and M � 103.10, SD � 15.97,
respectively). Thus, on these summary measures of intelligence
and memory, patients with schizophrenia showed clear evidence of
reduced levels of performance, as reflected by the highly signifi-
cant group effects observed even when controlling for group
differences in education. However, they did not show evidence of
a distinct profile on either the memory or intelligence summary
measures.

On the WCST, a measure of executive function, a MANCOVA
focusing on the dependent measures of Categories Completed,
Perseverative Errors, and Nonperseverative Errors revealed a
highly significant group effect, F(2, 124) � 7.75, p � .001. The
patient group completed fewer categories and made more perse-
verative and nonperseverative errors than did the control group. In
addition, the patient group showed evidence of a different pattern
of WCST performance from that of the control group, as reflected
by the highly significant Group � WCST Response Measure
interaction, F(2, 124) � 8.40, p � .001. The nature of this
interaction indicated that the patient group showed evidence of a
disproportionate amount of perseverative errors. However, the
groups also differed significantly in overall total responses ( p �
.001), with the patient group requiring more responses (M �
119.21, SD � 17.44) than the control group (M � 96.73,
SD � 23.27). Because error rates could have been confounded by
these group differences in total WCST responses (i.e., more re-
sponses and higher likelihood of errors), a second MANCOVA
with total WCST responses as the covariate was performed. The
MANCOVA results again demonstrated a significant group effect,
F(2, 140) � 3.58, p � .05, and the interaction remained significant
even when controlling for group differences in total WCST re-
sponses, F(2, 140) � 4.49, p � .05. These analyses indicated that
reduced numbers of categories achieved might be attributed to
perseverative errors in the patient group.

Table 1 also presents neuropsychological test scores for the
subset of participants who completed DTI studies. As can be seen
in Table 1, the subset of DTI patients with schizophrenia showed
similarly reduced scores to those of the larger group for the
WAIS–III summary measures of Full Scale IQ (M � 82.85,
SD � 12.54), Verbal IQ (M � 84.33, SD � 14.65), and Perfor-
mance IQ (M � 81.83, SD � 10.32), as well as for the WAIS–III
index scores of Verbal Comprehension (M � 87.62, SD � 14.81),
Perceptual Organization (M � 87.92, SD � 13.74), Working
Memory (M � 85.69, SD � 14.66), and Processing Speed
(M � 77.92, SD � 9.42). For the WMS–III summary measures,
the DTI patients with schizophrenia also showed similarly reduced
scores for Immediate (M � 73.09, SD � 22.05) and Delayed
(M � 76.45, SD � 20.63) memory quotients as well as for
Auditory Immediate Memory (M � 77.82, SD � 27.44), Visual
Immediate Memory (M � 73.18, SD � 21.93), Auditory Delayed
Memory (M � 80.82, SD � 25.21), Visual Delayed Memory
(M � 76.18, SD � 23.96), and Working Memory (M � 87.40,
SD � 14.62). Likewise, they exhibited means similar to those of
the larger patient sample for WCST number of Categories Com-
pleted (M � 4.21, SD � 1.67), number of Perseverative Errors
(M � 25.00, SD � 17.03), and number of Nonperseverative Errors
(M � 16.50, SD � 8.23).

Table 2 presents Pearson product–moment correlations for DTI

measures of UF and neuropsychological tests of learning and
memory, as indexed by the WMS–III. Among patients with
schizophrenia but not control participants, reduced left UF frac-
tional anisotropy correlated significantly and positively with re-
duced scores on the following WMS–III indexes: Immediate
Memory (r � .712, p � .021), Auditory Immediate Memory (r �
.680, p � .030), General–Delayed Memory (r � .792, p � .006),
and Delayed Auditory Recognition (r � .764, p � .01). For the
WCST, reduced left CB area correlated significantly with in-
creased number of Nonperseverative Errors (r � �.637, p � .014)
among patients but not control participants. These correlations
remained significant even when controlling for total brain size, as
assessed by intracranial content. Thus, among the patient group,
DTI-derived UF and CB measures correlated with performance on
different neuropsychological measures. Scatter plots of these sig-
nificant correlations are presented in Figure 3.

We next tested whether the significant correlations found only in
the patient sample might reflect statistical evidence of a double
dissociation between the left UF and declarative–episodic mem-
ory, on one hand, and the left CB and executive function, on the
other hand. We entered both brain regions as predictors in a
hierarchical regression analysis, first with WMS–III General Mem-
ory index and then with WCST Nonperseverative Errors as the
dependent variable. For the WMS–III General Memory index, the
left UF produced a significant R2 change of .652, F(2, 7) � 6.92,
p � .022, in contrast to the nonsignificant R2 change of .014, F(1,
8) � 0.11, p � .747, accounted for by the left CB. Left UF and
WMS–III General Memory index revealed a partial correlation
value of .813 and a semipartial correlation value of .807, as
compared with values of �.321 and �.196 for left CB and WMS–
III General Memory index. These values indicated that the left UF
uniquely accounted for 66% and 65% of the variance in WMS–III
General Memory index scores. Further analyses demonstrated that

Table 2
Pearson Correlations of WMS–III (n � 10) and WCST (n � 14)
Scores for DTI-Derived Measures of the Uncinate Fasciculus
and Cingulate Bundle Among Patients With Schizophrenia

Variable

Uncinate
fasciculus Cingulate bundle

Left Right Left Right

WMS–III memory quotient
Immediate .712* .500 .437 .154
General–Delayed .792** .483 .353 .208

WMS–III index
Auditory Immediate .680* .546 .487 .170
Visual Immediate .593 .254 .588 .384
Auditory Delayed .772** .496 .558 .290
Visual Delayed .610 .464 .519 .431
Auditory Delayed Recognition .764* .419 .392 .246
Working Memory .375 .803** .252 �.577

WCST
Categories Completed �.283 �.053 .383 .153
Perseverative Errors .109 �.056 �.285 .067
Nonperseverative Errors .262 �.490 �.637* �.289

Note. WMS–III � Wechsler Memory Scale—Third Edition; WCST �
Wisconsin Card Sorting Test.
*p � .05. **p � .01.
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only the left UF, � � .687, t(8) � 3.04, p � .019, contributed
significantly to the WMS–III General Memory index.

By contrast, for WCST Nonperseverative Errors, the left CB
produced a nearly significant R2 change of .370, F(2, 10) � 3.91,
p � .056, in contrast to the nonsignificant R2 change of .069, F(1,
11) � 1, p � .35, accounted for by the left UF. Left CB and WCST
Nonperseverative Errors revealed a partial correlation value of
�.630 and a semipartial value of �.608, in comparison with
values of .368 and .297 for left UF and WCST Nonperseverative
Errors. These values indicated that the left CB uniquely accounted
for 40% and 36% of the variance in WCST Nonperseverative Error
scores. Likewise, the left CB, � � �.609, t(10) � �2.57, p �
.028, but not the left UF, contributed significantly to WCST
Nonperseverative Errors.

Finally, Pearson product–moment correlations revealed signifi-
cant relationships between performance on other neuropsycholog-
ical measures and UF fractional anisotropy values among the
patient sample. Reduced right UF fractional anisotropy values
correlated significantly with lower scores on the WMS–III Work-
ing Memory index (r � .803, p � .009) as well as on the WAIS–III
measures of general intelligence (r � .640, p � .025), verbal
intelligence (r � .638, p � .026), and verbal comprehension (r �
.586, p � .045).

Discussion

Patients with schizophrenia scored significantly lower than con-
trol participants across neuropsychological summary measures of

intelligence, declarative–episodic memory, working memory, and
executive function. In addition, they showed a disproportionate
number of perseverative errors relative to control participants on
the WCST measure of executive function. By contrast, the current
data suggest that memory performance was equally impaired for
the patient sample across modality and time period, as well as for
free recall and recognition.

Among the subset of participants who also completed DTI
studies, a rather selective pattern of correlations emerged between
particular neuropsychological measures and UF and CB values for
patients only. That is, among patients but not control participants,
left UF abnormalities correlated with deficits in declarative–epi-
sodic memory but not in executive functioning, whereas left CB
abnormalities correlated with deficits in executive functioning but
not in declarative–episodic memory. In addition, hierarchical re-
gression analyses indicated a statistical dissociation between re-
duced DTI measures of the left UF and poorer declarative memory,
on one hand, and reduced DTI measures of the left CB and poorer
executive functions, on the other hand, in the patient sample only.

These results thus suggest a double dissociation between re-
duced DTI measures of the left UF and CB and deficits in declar-
ative memory and executive function, respectively. Moreover, our
hierarchical regression results arguably offer the strongest statis-
tical evidence in support of a schizophrenic double dissociation
between neuropsychological function and DTI measures of the left
UF and left CB. However, only a small number of patients com-
pleted both DTI and neuropsychological measures; thus, these

Figure 3. Scatter plots of Pearson product–moment correlations of Wechsler Memory Scale—Third Edition
(WMS–III) and Wisconsin Card Sorting Test (WCST) scores and diffusion-tensor-imaging derived measures of
the left uncinate fasciculus and the left cingulate bundle.

634 NESTOR ET AL.



results, generated from hierarchical regression analyses, will need
to be replicated in larger samples before any firm conclusions can
be drawn about a double dissociation between function and DTI
measures of left UF and CB integrity in schizophrenia. In addition,
the significant correlations for the UF and neuropsychological tests
were based on DTI fractional anisotropy values, whereas, for the
CB, the DTI-derived area measure but not the fractional anisotropy
measure correlated with WCST Nonperseverative Errors.

It is more likely that these pathways contribute to a diverse
range of cognitive functioning. Among patients with schizophre-
nia, then, the effects of reduced DTI measures of the left UF and
CB may extend beyond difficulties on tests of declarative–episodic
memory and executive functioning. In fact, the current results
indicate that, for the right UF, reduced fractional anisotropy cor-
related significantly with poorer scores on measures of working
memory, general intelligence, verbal intelligence, and verbal com-
prehension in the patient sample. These correlations underscore the
widely distributed nature of higher cognition in the brain and
caution against drawing simple isomorphic relationships between
function and anatomy.

How might these current DTI correlations relate to previous
MRI and neuropsychological studies of schizophrenia? Previous
MRI and neuropsychological studies have revealed correlations
between reduced temporal lobe volume and deficits in declarative–
episodic verbal memory, and between reduced prefrontal lobe
volume and working memory deficits, within the same groups of
patients with chronic schizophrenia (Hokama et al., 1995; Nestor
et al., 1993; Nestor, Shenton, et al., 1998). The current DTI data
represent measures of the integrity of anatomical structures and
cannot be equated with the functional connectivity of the UF and
CB. Nor can DTI distinguish among underlying mechanisms, such
as axonal or myelination-related changes, that might account for
reduced fractional anisotropy and reduced UF and CB volumes.
However, our neuropsychological correlations demonstrate that
declarative–episodic memory deficits in schizophrenia may be
closely related to reduced structural integrity of the left UF, which
links the inferior prefrontal cortex with anterior temporal regions
to form a local network of a larger, wide-scale neural system of
declarative–episodic memory (e.g., Kolb & Whishaw, 1995; Me-
sulam, 1990; Squire & Zola-Morgan, 1991). Likewise, disease-
related prefrontal working memory disturbances may also contrib-
ute to deficits in executive function, as demonstrated by the strong
correlation of WCST errors with reduced structural integrity of the
left CB, an important pathway linking the dorsolateral prefrontal
cortex to the cingulate gyrus as well as to the amygdala, medial
dorsal thalamus, and nucleus accumbens (Goldman-Rakic et al.,
1984; Pandya & Seltzer, 1982; Vogt et al., 1979).

Executive functioning encompasses two broad sets of mental
processes: top-down control and performance monitoring. Imaging
studies of healthy individuals have suggested that the executive
functions of control of thought and action rely heavily on dorso-
lateral prefrontal circuits (MacDonald, Cohen, Stenger, & Carter,
2000; Smith & Jonides, 1999), whereas those of performance
monitoring, especially in relation to sensitivity to errors, may be
supported by the anterior cingulate cortex (Carter et al., 1998;
Kiehl, Liddle, & Hopfinger, 2000). Event-related functional MRI
studies involving patients with schizophrenia have demonstrated
reduced error-related activity in the anterior cingulate and less

performance adjustment after errors on a degraded continuous
performance task (Carter et al., 2001).

In completing the WCST, used as a measure of executive
function in the current study, the examinee must rely on ongoing
performance feedback regarding errors to arrive at correct sorting
rules. Learning these kinds of rules and contingencies may require
a neural network to be dynamically set and flexibly tuned to select
among existing codes and pathways and use “prediction error”
signals to modify behavior in response to direct feedback (e.g.,
Dias, Robbins, & Roberts, 1996; Schultz, Dayan, & Montague,
1997). The CB may thus be centrally involved in the coordination
of brain signals, including dopamine neurons responsive to errors
across prefrontal and cingulate areas (Schultz & Dickinson, 2000).
For patients with schizophrenia, their WCST difficulties may arise
in part from the failure of the CB to orchestrate prefrontal and
cingulate brain signals, particularly dopaminergic neurons coded
for prediction errors, which are probably critical for rule acquisi-
tion and implementation.

In summary, patients with schizophrenia demonstrated a rather
selective, nonoverlapping pattern of neuropsychological–DTI ab-
normalities, with declarative–episodic memory deficits correlating
with reduced left UF fractional anisotropy and executive function
deficits correlating with reduced left CB area. These abnormalities
occurred within the context of an overall generalized diminution in
cognition among patients, as demonstrated by the larger sample of
participants who underwent neuropsychological assessments.
Taken together, these data suggest that the often generalized
schizophrenic neuropsychological impairment may also encom-
pass underlying abnormalities in DTI measures of the integrity of
discrete neural networks that each correspond to specific deficits in
declarative–episodic memory and executive functioning. Thus,
our findings may add to the development of a functional neuro-
anatomical basis for neuropsychological models of schizophrenia
that point to a core disturbance in the synchronization and inte-
gration of local brain networks and wider scale neural systems
(Andreasen et al., 1999; Nestor, Akdag, et al., 1998; Nestor et al.,
2001).
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