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1. INTRODUCTION
Schizophrenia is a chronic and potentially disabling disorder with widespread
neuroanatomical abnormalities thought to be caused by progressive brain changes
(Andreasen, 2010), and an equally wide variety of impairments in cognitive functioning
(Palmer et al., 2009). In general, individuals with schizophrenia demonstrate significantly
impaired performance on a full range of neuropsychological tasks, often reaching greater
than one standard deviation below the norm (Dickinson et al., 2007). One particularly
puzzling issue is that approximately 15–30% of schizophrenia patients have been found to
perform in the normal range of neuropsychological functioning (Kremen et al., 2000; Palmer
et al., 1997).

Given hypothesized relationships between brain structure and cognitive function in both
health and disease, the question arises whether schizophrenia subjects with
neuropsychological performance in the normal range also demonstrate “normal” brain
structure commensurate with their cognitive abilities. Brain abnormalities are a hallmark of
schizophrenia, with widespread cortical thinning across various regions (Kuperberg et al.,
2003; Schultz et al., 2010). Relatively few studies have examined the brain structure of
cognitive subgroups, including neuropsychologically normal subjects, and to date, no
detailed examination of cortical thinning patterns have been performed to compare these
subgroups. In an early computerized tomography (CT) study, Allen and colleagues (2000)
found no difference in ventricular size between schizophrenia subgroups clustered by
cognitive performance, but greater global sulcal widening was evident in the severely
impaired group. Recently, Wexler and coworkers (2009) assessed magnetic resonance
imaging (MRI)-based measures in “neuropsychologically near-normal” (NPNN) and
“neuropsychologically impaired” (NPI) schizophrenia subjects, and reported smaller cortical
gray matter and larger third ventricular volumes for NPI and NPNN groups relative to
healthy subjects. Furthermore, NPI subjects demonstrated additional reductions in white
matter volumes and enlargements in lateral ventricle volumes as compared to the NPNN
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subgroup. Interestingly, NPNN subjects exhibited significantly smaller orbitofrontal
volumes in relation to the other groups.

In this study, we sought to identify neuropsychologically near-normal (i.e., NPNN)
schizophrenia subjects from a large sample of participants through use of a series of
unsupervised clustering techniques. It was hypothesized that a stable classification of
subjects would emerge, with one or more clusters containing subjects with few
neuropsychological deficits (NPNN), while subjects with typical schizophrenia profiles of
broad neuropsychological impairment (i.e., NPI) being contained in other clusters. We then
tested the hypothesis that NPI subjects would demonstrate widespread cortical thinning in
regions similar to those found in previous studies, while NPNN subjects would exhibit a
more limited pattern, with perhaps small regions of thinning corresponding to a milder form
of the disease. Finally, we examined whether selfreported duration of illness was associated
with group membership, the severity of cognitive deficits, or the degree of cortical thinning.
We hypothesized that the absence of such associations would suggest that the presence or
absence of widespread neuropsychological impairments in schizophrenia is a stable trait of
the disorder, and therefore potentially valuable in defining and understanding disease
heterogeneity.

2. METHODS
2.1 Participants

The schizophrenia (SCZ, n=79) and healthy comparison participants (COM, n=65) in this
study were drawn from a larger population of individuals recruited as part of a longitudinal
study of brain structure in schizophrenia. Participants were excluded if they met DSM-IV
criteria for mental retardation, substance abuse (moderate or severe) or dependence (any
type) at present time or during the past 6 months. Duration of illness (DOI) was calculated
based on self-reported date of first treatment or hospitalization. Informed consent was
obtained from each subject after a complete description of the study was given.

2.2 Clinical and Neuropsychological Assessment
Psychopathology and neuropsychological functioning were assessed as previously described
(Delawalla et al., 2006; Harms et al., 2007). Subjects were administered a battery of
neuropsychological measures that correspond with broad domains of verbal IQ, working
memory, episodic memory, and executive functioning that have shown performance deficits
in schizophrenia populations (Heaton et al., 2001); see Supplementary material for specific
tests used in the neuropsychological and clinical battery. Raw and scaled scores for all
measures were transformed to z-scores using data from a previously published and
overlapping reference group (Smith et al., 2009).

2.3 MRI Acquisition Parameters and Data Processing
MR scans were acquired on a 1.5T Vision scanner (Siemens Medical Systems) and collected
using an MPRAGE sequence (TR = 10ms, TE = 4ms, Flip angle = 30° ACQ – 1, Matrix =
256 X 256, Scanning time = 5.6 minutes) with 1 mm×1 mm×1.25mm isotropic resolution.
Scans were then analyzed and processed using FreeSurfer (FS) release 3.0.5 (Dale et al.,
1999). A 2-dimensional smoothing kernel was applied along the cortical surface with a
20mm full-width/half-maximum window. Spherical maps for each subject were morphed
into a common spherical atlas using a nonlinear surface-registration procedure that allows
for high-registration, surface-based averaging, and comparison of cortical measurements
across subjects.
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2.4 Statistical Analyses
A hierarchical cluster analysis using Ward’s method (Ward, 1963) was conducted using z-
scores from neuropsychological measures in only schizophrenia subjects. Inspection of the
dendrogram revealed the overall structure of the data to suggest the best cluster solutions.
Finally, a k-means algorithm was utilized as the primary clustering technique to asses
stability of the final solution based on its iterative properties (Hartigan & Wong, 1979). See
Supplementary material for details regarding the specific clustering process.

Surfaced-based analysis of cortical thickness data involved generation of statistical surface
maps using a general linear model that displayed differences in thickness between groups for
each vertex. Key demographic variables were not controlled, as these variables did not
statistically differ between groups. False Discovery Rate (FDR), which controls for the
expected proportion of false positives in a statistical test, was applied to adjust for multiple
comparisons at a value of 0.05. Vertex-wise Cohen’s d cortical thickness effect-size maps
were also generated for each contrast in support of significance comparisons.

Independent sample t-tests and Chi-square statistics were used to examine differences in
demographic variables. Group comparisons on neuropsychological performance were
conducted using analysis of variance (ANOVA) models, followed by Tukey post hoc
comparisons. The influence of DOI on neuropsychological performance was examined using
bivariate Pearson correlations; multiple comparison correction was set at p < 0.005. Cortical
thinning areas that emerged from group comparisons were selected as an overall region of
interest (ROI) and then parcellated into lobular subdivisions based on anatomical boundary
schemes from FS. These ROIs were mapped across all subjects and mean per hemisphere
thickness values were derived. The ROI means were then entered as dependent variables in
analysis of variance (ANOVA) models with COM and SCZ cluster group status as a main
effect. An additional ROI analysis of covariance (ANCOVA) model was run with only SCZ
cluster groups to determine the effect of DOI as a covariate. All statistics were analyzed
using SPSS Statistics 19 (SPSS, Chicago IL).

3. RESULTS
3.1 Cluster Analysis

Inspection of the dendrogram generated by Ward’s method revealed strong support for a 2-
group solution (Figure 1). Through the iterative k-means clustering process, a NPNN cluster
group (n=45), with scores in the average to low average range of functioning was readily
identified (Table 1 and Figure 2). Mean scores in the second cluster were in the mildly to
moderately impaired range, and it was labeled as the NPI group (n=34). The 2-group
solution remained highly stable across alternative clustering methods, see Supplementary
material for details.

3.2 Cluster Differences in Demographic and Neuropsychological Variables
As noted in Table 2, there were no demographic differences between NPI and COM, and
NPI and NPNN, with the exception of race and parental SES. Comparisons between NPNN
and COM revealed no significant demographic differences. A trend difference was noted in
DOI between the SCZ cluster groups, with NPI subjects having been diagnosed with
schizophrenia for a slightly longer period (t77 = 1.89, p = 0.06). Regarding clinical
symptoms, t-tests between NPI and NPNN revealed no mean difference in positive (t77 =
-0.73, p = 0.47) or disorganized (t77 = 1.47, p = 0.14) symptoms, but did show a statistically
significant difference for negative symptoms (t77 = 2.06, p = .04), with greater severity for
the NPI cluster group.
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Significant ANOVA group effects were noted across all neuropsychological tasks (Table 1).
Tukey HSD post-hoc analyses revealed both the NPI and NPNN groups performed
significantly poorer compared to COM on the majority of measures, with the exception of
NPNN and COM groups performing similar on two tests. Performance between NPI and
NPNN significantly differed on all but one test.

3.3 Cluster Differences in Vertex-Based Cortical Thickness
Statistical cortical thickness maps revealed prominent thinning of the cortex in NPI when
compared to COM subjects (Figure 3A). Regions included posterior superior frontal,
primary and association sensorimotor cortices, lateral occipital, superior parietal, insular,
and supramarginal areas, as well as additional involvement of superior and middle temporal
gyri. In addition, there was bilateral thinning in the inferior frontal gyrus, particularly of the
pars orbitalis, and lateral orbital gyrus. On the medial aspects of the surface, paracentral,
cuneus, lingual, parahippocampal, and fusiform thinning was present, with some mild
involvement of the anterior cingulate. Severity of thinning appeared asymmetric, with a
right greater than left spread in posterior regions. These results met FDR correction for
multiple comparisons at a rate of 0.05. Examination of effect-size maps for this comparison
(Figure 4A) revealed medium to large magnitudes of effect within, and extending beyond,
the cortical thinning pattern described above.

Initial examination of cortical thickness mapping in NPNN, contrasted with COM subjects
(Figure 3B), revealed mild thinning in left-sided fusiform, lateral occipital, superior
temporal, and subcentral regions, with right-sided superior frontal and parietal areas, as well
as bilateral posterior insula. None of these findings survived FDR correction for multiple
comparisons, indicating a lack of significant vertex-wise cortical thinning between these two
groups. However, examination of the magnitude of difference between these groups (Figure
4B) revealed moderate effect sizes in these regions, with small effects extending beyond.

Cortical thickness comparisons between NPNN and NPI groups (Figure 3C), revealed a
thinning pattern mainly posterior in distribution that overlapped with COM/NPI results.
Regions most significantly affected were lateral occipital and medial temporal cortices. This
pattern also did not survive multiple comparison correction, but moderate to strong effects
were observed in regions overlapping the thinning distribution in both this and the COM/
NPI comparison (Figure 4C).

3.4 Cluster Differences in ROI-based Cortical Thickness
The widespread thinning pattern in NPI subjects (Figure 3A) was used as the basis for an
ROI that was divided in to lobular regions: frontal, temporal (including insula), parietal, and
occipital (Figure 5), and mapped across subjects. Comparison of thickness values within the
thinning pattern ROIs revealed a consistent step-wise pattern of loss between the three
groups. ANOVA results revealed significant differences between NPI and COM in all areas,
but only differences in left frontal, temporal, and right frontal regions between NPNN and
COM (Figure 6). For NPNN and NPI, significant differences were evident in left temporal,
occipital, and right temporal, occipital, and parietal regions. When controlling for DOI,
significant differences in the right temporal and parietal areas were attenuated to non-
significance.

3.5 Relationships Between Duration of Illness and Neuropsychological Performance
Bivariate Pearson correlations between DOI and neuropsychological variables revealed
significant negative correlations with Trail Making Test Part B (r = -0.411, p = 0.01), as
well as perseverative errors on the Wisconsin Card Sorting Test (r = -0.410, p = 0.01) in the
NPNN group. The level of significance is attenuated when applying the p < 0.005 multiple
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comparison correction. No significant correlations between DOI and neuropsychological
performance were noted for NPI subjects.

4. DISCUSSION
In this study, neuropsychologically defined schizophrenia subtypes were identified through
unsupervised clustering processes similar to those used in previous studies (Allen et al.,
1998; Bell et al., 2010; Hill et al., 2002). The rationale for the current study was to take into
account a broader spectrum of neuropsychological performance to define impairment and
“normality,” as it was believed these measures in aggregate best related to global evaluation
of underlying neuroanatomic abnormalities in cortical thickness. Ultimately it was
determined that a 2-group clustering solution was the best fit for the data; however, this is
not to imply that only two cognitive schizophrenia subtypes exist. Indeed, previous studies
have found upwards of four to five subtypes, depending on neuropsychological variables
and methods used (Goldstein et al., 1998a; Heinrichs & Awad, 1993; Horan & Goldstein,
2003). The intent of this study was to effectively identify NPNN subjects, without particular
regard to the separation and degrees of impairment within NPI participants. It is believed
that this 2-cluster method was fairly robust as NPNN classification remained highly intact
(93- 100% overlap) across various algorithms and when forcing a different number of
solutions. Further support for the method is that our resultant cognitive subtypes had
neuropsychological and demographic profiles remarkably similar to those found in previous
studies (Allen et al., 1998; Goldstein et al., 1998a; Hill et al., 2002; Horan & Goldstein,
2003; Palmer et al., 1997; Seaton et al., 1999).

Regarding the primary cortical thickness analysis, the NPI group displayed a somewhat
atypical pattern of strong posterior changes, but one that has been noted in other work (Narr
et al., 2005). With the exception of partial involvement in the superior and inferior frontal
gyrus and anterior cingulate, there was a general lack of characteristic frontal lobe thinning,
which, while surprising, is not without precedent (Narr et al., 2005; Wiegand et al., 2004).
The absence of significant thinning in the NPNN – COM and NPNN – NPI vertex-wise
analyses was unexpected as initially it was hypothesized an attenuated pattern would emerge
that matched their cognitive profile. However, effect-size and uncorrected contrast maps for
these comparisons suggest trend differences, indicating subtle characteristics unique to this
group may exist, reinforcing the notion that “near-normal” status is not synonymous with
“unaffected.” Indeed, follow-up ROI analyses revealed comparable thinning in NPNN and
NPI from COM in frontal areas, but significantly differing for each other in temporal,
occipital and parietal regions. This suggests that despite having a neurobiological illness, a
subset of schizophrenia patients with “near-normal” cognitive functioning may also have
relatively “near-normal” cortical gray matter thickness, which is intermediate between
healthy and severely impaired states (Figure 6). That the NPNN group demonstrates few
neurobiological differences from COM subjects, yet significantly differs from them on most
cognitive measures is interesting in that it highlights certain aspects of the illness still affect
this group. While these individuals may reside in the lower cognitive band of “normality,”
there appears to exist some neurobiological compensatory mechanism preventing them from
functioning similar to their NPI counterparts.

The finding also has implications for the influence of cortical thickness on the expression of
various clinical aspects of the illness. Consistent with our results, it is common for impaired
cluster groups to experience more negative symptoms compared to their less impaired
counterparts, but show similar positive and disorganized symptomatology (Kremen et al.,
2000; Palmer et al., 1997). Hitherto, these findings have yet to be associated with anatomical
results; hence future work would focus on both the structural and functional aspects of
cognitive subtypes in an effort to clarify the influence of these factors. For example, if
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cortical gray matter is not contributing to the clinical expression of the schizophrenic
condition in NPNN subjects, then investigations of localized changes in other regions, such
as subcortical nuclei (Wang et al., 2008) and white matter pathways (Voineskos et al.,
2010), or unified networks of these structures, could provide alternative explanations.

Several possibilities for this “near-normal” phenomenon in schizophrenia are postulated:
first, NPNN subjects may be experiencing a different form of the disease, with separate
underlying neurobiological processes mild in their expression of schizophrenia-like
structural and functional deficits, similar to that proposed by Murray and associates (1987);
second, NPNN may represents an early transitory state, where individuals eventually
progress to, and remain neuropsychologically impaired as disease effects persist. This
second explanation seems less likely given that, with the exception of peri-onset changes,
neuropsychological deficits appear relatively stable over the course of the illness (Albus et
al., 2002; Heaton et al., 2001; Hill et al., 2004). Indeed, subjects in our study were more
chronic, suggesting neuropsychological profiles less amenable to progressive deterioration.
One final theory is that the observed differences in cluster groups may be explained by
current concepts of brain and cognitive reserve (Satz et al., 2011; Stern, 2002). It is possible
that a latent factor related to the separation of schizophrenia participants into subgroups is
one associated with cognitive reserve, where NPNN subjects are those who experience
greater advantages in variables underlying this concept.

The literature on illness severity and duration suggests that the degree of cognitive
performance is not related to these variables (Holthausen et al., 2002). Our analysis of DOI
favors the model of separate disease entities, but also indicates that it wields some influence
in NPNN cluster groups. Only for NPNN subjects were correlations found between DOI and
select neuropsychological measures related to executive functioning, whereas no
relationships were found in NPI subjects; however, these relationships were attenuated when
corrected for multiple comparisons. This is similar to Goldstein and colleagues (1998b),
who also found low correlations between age, as a proxy for illness duration, and
neuropsychological performance in an impaired cognitive cluster, but significant
correlations in a near-normal cognitive cluster. Also, in their study on the effect of age on
cortical thickness, Kubota and coworkers (2011) found that illness duration did not influence
changes in regional thickness for their schizophrenia group. Despite the attenuation of some
region-specific effects when controlling for DOI, our results were similar in that differences
in cortical thickness between NPI and NPNN subjects still remained. Overall, our result
argues against a general effect of disease severity on the neuroanatomical differences
between subgroups, but still leaves room for further investigation of factors contributing to
neuropsychological heterogeneity.

In conclusion, our study adds insight into the cortical signature of neuropsychologically
near-normal schizophrenia. Future work would include examining white matter and
functional measures, accompanied by longitudinal change estimates. Increased
characterization of this population will continue to elucidate the relationship between
cognitive and neurobiological features in schizophrenia, and assist in exploration of disease
heterogeneity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Dendogram of SCZ clustering using Ward’s method
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Figure 2.
Mean (std error) neuropsychological z-scores for schizophrenia cluster (NPNN, NPI) and
healthy comparison (COM) groups; VOCAB = WAIS-III Vocabulary, MR = WAIS-III
Matrix Reasoning, DS = WMS-III Digit Span, SS = WMS-III Spatial Span, LNS = WMS-III
Letter-Number Sequencing, LM = WMS-III Logical Memory, FP = WMS-III Family
Pictures, FLUENCY = Lexical + Semantic fluency, TRAILS B = Trail Making Test Part B,
WCST = perseverative errors on the Wisconsin Card Sorting Test
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Figure 3.
Cortical thickness difference maps between A) COM – NPI, B) COM – NPNN, and C)
NPNN – NPI groups (p values are -log10p)
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Figure 4.
Cohen’s d effect-size maps based on vertex-wise cortical thickness values between A) COM
– NPI, B) COM – NPNN, and C) NPNN – NPI groups (maximum amplitude d = 0.5)
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Figure 5.
Mapped cortical thinning-based regions of interest (ROI) subdivided according to lobe;
purple = frontal, pale green = temporal, blue = parietal, pale blue = occipital
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Figure 6.
Dot plots of mean cortical thickness values from lobe-specific ROIs for each group; * =
differs from COM at p < 0.05, † = differs from NPNN at p < 0.05; based on post-hoc
analyses
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