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Abstract

Background: Cognitive traits derived from neuropsychological test data are considered to be
potential endophenotypes of schizophrenia. Previously, these traits have been found to form a valid
basis for clustering samples of schizophrenia patients into homogeneous subgroups. We set out to
identify such clusters, but apart from previous studies, we included both schizophrenia patients and
family members into the cluster analysis. The aim of the study was to detect family clusters with
similar cognitive test performance.

Methods: Test scores from 54 randomly selected families comprising at least two siblings with
schizophrenia spectrum disorders, and at least two unaffected family members were included in a
complete-linkage cluster analysis with interactive data visualization.

Results: A well-performing, an impaired, and an intermediate family cluster emerged from the
analysis. While the neuropsychological test scores differed significantly between the clusters, only
minor differences were observed in the clinical variables.

Conclusions: The visually aided clustering algorithm was successful in identifying family clusters
comprising both schizophrenia patients and their relatives. The present classification method may
serve as a basis for selecting phenotypically more homogeneous groups of families in subsequent

genetic analyses.

Background

Schizophrenia is a severe mental illness which tends to
run in families. Moreover, schizophrenia is a complex dis-
order with multiple environmental as well as genetic pre-
disposing effects. Previous studies have shown that many
neuropsychological functions are impaired in schizophre-
nia patients, and, to a lesser degree, also in their unaf-

fected relatives [1-3]. Consequently, the continuous traits
derived from neuropsychological tests have been sug-
gested as one type of endophenotypes of schizophrenia to
be included in genetic analyses [4-9], for a review see Egan
and Goldberg [10]. Identifying more homogeneous sub-
groups of families with a similar pattern of cognitive test
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performance would further refine the data to be included
in these analyses.

Recently, cluster analysis of verbal learning and memory
tests was used to divide patients with schizophrenia into
subtypes. Categorization by these cognitive traits resulted
in meaningful subgroups of schizophrenia [11]. In
another study, extended neuropsychological test data of
patients with schizophrenia were included in a hierarchi-
cal and iterative partitioning cluster analysis [12]. Four
clusters were identified, ranging from good performance
to profound global dysfunction. In Sautter et al. [13] an
exploratory study comparing clustering of neuropsycho-
logical test performance in schizophrenia patients with
familial history to those without was performed. In their
analysis, patients with family history fell into three dis-
tinct clusters, while only one homogeneous cluster was
found for the non-familial group. However, only patients
were included in the analyses of these studies. As schizo-
phrenia is likely to be a multifactorial disorder with low
penetrance, the inclusion of relatives in the clustering
analyses would be a powerful way to reveal subgroups
based on the endophenotype of interest.

In the present study, we report a new visually aided clus-
tering approach aimed at identifying clusters of multiply
affected families with schizophrenia on the basis of per-
formance in neuropsychological tests. In the clustering
process, each family was represented by the test scores of
its affected and unaffected members, and the closeness the
families was defined by the maximum pairwise distance
between the members of the families. To our knowledge,
this is the first study in which the clustering has been
applied to families instead of solely to affected subjects
with schizophrenia.

Methods

Subjects and data collection

From a general population cohort of people born between
1940 and 1976 inclusive in Finland, a northern European
country with approximately 5 million inhabitants, we
identified 33,731 individuals with a diagnosis of schizo-
phrenia, schizoaffective disorder or schizophreniform dis-
order. Data on the diagnosis were derived from three
nation-wide computerized health care registers covering
the years 1969 to 1998: the Hospital Discharge Register,
the Free Medicine Register, and the Pension Register. Link-
ing the personal identification numbers of the affected
subjects to the National Population Register database
allowed us to identify their family members and to con-
struct pedigrees.

Information on families with at least two members with
schizophrenia, schizoaffective disorder or schizophreni-
form disorder, and at least two members with no diagno-
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sis of psychiatric disorder was received from the
aforementioned registers for 895 families from the whole
of Finland. A blood sample for subsequent genetic analy-
ses was drawn from 2295 subjects of 643 families. All
available case note records were collected for those with a
diagnosis of schizophrenia, schizoaffective disorder or
schizophreniform disorder in any of the three registers.
Two psychiatrists independently assessed the lifetime
diagnoses for each case, according to the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV) [14].
One of the assessors also completed the Operational Cri-
teria Checklist for Psychotic Illness (OPCRIT) [15]. The
collection of blood samples complied with the Declara-
tion of Helsinki and its amendments. The protocol was
accepted by the Ethics Committee of the National Public
Health Institute, and the study was approved by the Min-
istry of Social Affairs and Health.

Of those multiply affected families who already had given
the blood samples, a subsample was targeted for collec-
tion of more detailed phenotypic information. This sam-
ple was selected randomly based on the data from the
registers and the OPCRIT process. All subjects from the
families gave a written informed consent for the study
protocol comprising a diagnostic research interview and
neuropsychological testing. Both patients and their family
members were interviewed using the Structured Clinical
Interview for DSM-IV (SCID-I for axis I disorders and
SCID-II for axis II disorders) [16]. All the interviewers
were trained in a similar manner for the use of these
instruments. The final consensus diagnoses were based on
the data collected from the records, the OPCRIT process,
and the SCID interview. A total of 281 subjects from 54
families fulfilled the inclusion criteria and thus included
at least two siblings with schizophrenia, schizoaffective
disorder or schizophreniform disorder, and at least two
siblings without these disorders. Altogether 16 patients
were excluded because of being too psychotic (n = 6), hav-
ing a current substance use diagnosis (n = 6), or being
mentally retarded (n = 4). Of the family members to
whom no psychiatric diagnosis was assigned for their life-
time, 6 were excluded because of high age, or for a defect
in vision or hearing. The final sample thus comprised 165
subjects with a psychiatric diagnosis and 94 unaffected
family members from 54 families. Of the 165 subjects
with a diagnosis, altogether 82 subjects had schizophre-
nia, while 13 subjects suffered from schizoaffective disor-
der, 10 from schizophreniform disorder and 12 from
bipolar disorder. A nonpsychotic disorder was assigned to
48 individuals. The 94 unaffected subjects did not get any
current or lifetime psychiatric diagnosis. In 51 families, at
least one of the patients included in the analysis suffered
from pure schizophrenia. In the remaining three families,
at least one subject with schizoaffective or schizophreni-
form disorder was included. All families from which the
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subjects for the present study were drawn, represent famil-
ial schizophrenia, as in each of them there were at least
one sibling with a diagnosis of pure schizophrenia, plus at
least one other sibling with schizophrenia, schizoaffective
disorder or schizophreniform disorder.

Test procedures

A neuropsychological test battery was administered to all
subjects in fixed order by well-trained examiners either
after the interview during the same day, or the following
day. All examiners were psychologists or advanced psychi-
atric nurses extensively trained and supervised with the
test battery. Experienced psychologists scored all the tests.

Auditory attention was assessed with the Digit Span For-
ward task, and verbal working memory with the Digit
Span Backward task of the Wechsler Memory Scale-
Revised (WMS-R) [17]. According to Finnish normative
data, the test-retest reliability coefficients of the Span sub-
tests vary with age from 0.74 to 0.82 [18].

The Visual Span forward subtest of the WMS-R [17] was
used to assess visual attention. The backward condition of
the span task was used for measuring visual working
memory. According to Finnish normative data, the test-
retest reliability coefficients of the Visual Span subtests
vary with age from 0.72 to 0.80 [18]. The Logical Memory
story A, of the WMS-R [17], immediate and delayed, was
used to assess recall and retention in a story format. Visual
memory was measured by the Visual Reproduction
subtest of the WMS-R [17], immediate and delayed. In
Finnish normative data, the test-retest reliabilities of these
subtests have varied with age from 0.84 t0 0.91, and 0.31
to 0.34, respectively.

Verbal learning and memory were assessed with the Cali-
fornia Verbal Learning Test (CVLT) [19] which examines
recall and recognition of word lists over a number of tri-
als. The present study reports the following variables
derived from the test: verbal learning (total recall over 5
trials), semantic clustering, and recognition memory (dis-
criminability). No reliability data for Finnish subjects
exist, but the split-half reliability of the CVLT is 0.77 to
0.86, according to the test manual [19].

Controlled Oral Word Association test (COWA) [20] was
used to assess verbal fluency. The quantity of words the
subject produces in one minute, both with words begin-
ning with a designated letter (S,K), and within a category
(animals), was assessed. No reliability data for Finnish
subjects are available.

Four subtests of the Wechsler Adult Intelligence Test -
Revised (WAIS-R) [21] were used. Verbal abilities were
measured with the Vocabulary and Similarities subtests.
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Vocabulary is considered the best single measure of gen-
eral ability [22]. The Similarities subtest is a task of
abstraction and concept formation. The Block Design and
Digit Symbol subtests have a motor component as the tri-
als are timed. The former is a measure of visuospatial rea-
soning and abstraction. The latter subtest measures
psychomotor performance. According to Finnish norma-
tive data, the test-retest reliabilities for Vocabulary, Simi-
larities, Block Design, and Digit Symbol are 0.89-0.95,
0.69-0.88, 0.78-0.83, and 0.82-0.86, respectively,
depending on age [23].

Clustering and statistical analyses

Notation and imputation of missing values

The variables used in cluster analysis included 17 neu-
ropsychological test variables together with the age and
the sex of the subjects. With a total of M = 19 variables and
N = 259 subjects, the data formed an M x N matrix x =
(x3), where x;, is the the value of the ith variable for the kth
subject. However, there were 85 (1.7 %) missing values as
not all test results were obtained for all subjects. The miss-
ing values were handled by the following procedure,
which replaces an individual's missing value with an esti-
mate obtained from a linear fit between the test with the
missing value and the test that correlates with it most and
that also has the individual's test result available.

1. Pairwise correlations were calculated between all test
variables using only subjects with results available for
both tests. We denote such correlation between the tests i
and j by ¢;.

2. Given a missing value in the test i for the subject k, we
found the test j = j, which had the highest value of |c;
among the tests with the value x;, available and set

Xi, = a+bx;jp,

where the coefficients a and b were found by computing
linear regression of the test j, on the test i using only sub-
jects with results available for both tests.

Cluster analysis

The families were clustered using a complete-linkage clus-
tering algorithm. Each variable was normalized by sub-
tracting the mean value and dividing by the standard
deviation. The normalization was done to ensure that
each variable contributes equally to the clustering proce-
dure. Denote by x;, = (X;},....%,,) the normalized data for
subject k& and define the distance between two clusters C,
and C; by

d..= max{||x,-x|| : x, € C,and x; € C},
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that is, d, is the maximum pairwise distance between
members of the two clusters. Here || - || denotes the eucli-

dean distance, ||x, —x |[*= le(xik — X )2 . In the

sense of this distance measure, two clusters are close when
all subjects in both clusters are close.

Clustering was carried out using the following algorithm.
1. Initial clusters are defined by the families.

2. The two clusters with the smallest inter-cluster distance
d,, are merged into one larger cluster.

3. Steps 2 and 3 are repeated until a desired number of
clusters remains.

In Figure 1, two steps of the above procedure are demon-
strated. Three clusters are depicted by the green solid lines.
The two nearest clusters are combined (the dashed green
line). Their inter-cluster distance d,, is shown by the solid
red line. The inter-cluster distance between the two
remaining clusters is shown by the dashed red line. Note
that by using a different inter-cluster distance measure,
such as the minimum pairwise distance, a different merg-
ing order would result (see the Discussion).
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Visualization of clustering. Two merging steps of the
clustering algorithm (see the text).
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Visualization of clusters

We introduce a visualization technique that helps in iden-
tifying candidate clusters and also gives an overall picture
of the main differences between the produced clusters as
measured by all variables simultaneously. The method
gives information about the dynamics of the clustering
process and the characteristics of the candidate clusters.
The upper part of Figure 2 presents the data matrix as what
is called the "color histogram" [24] or "the data image"
[25]. The rows correspond to variables and the columns
correspond to subjects. The values of the neuropsycholog-
ical tests and other variables are visualized using color
coding. The color of a variable changes from blue to red as
its value increases. To better utilize the dynamic range of
coloring, 5 % of the highest values and 5 % of the lowest
values were set to the 95th percentile and the 5th percen-
tile of the test results, respectively. The variables were then
shifted and scaled to the interval [0,1] and color coded (0
= blue, 1 = red). On the last line of the color histogram,
clusters are depicted with different colors.

To further improve the visual impression of the clusters,
the neuropsychological test variables (the rows of the data
image) were ordered using essentially the same procedure
that was used in clustering the families. The initial clusters
were now the individual variable vectors x; = (x;1,....X;y)
and the pairwise distance between two clusters C, and C;
was defined as

drs= maX{1/|Cij| e Cr'j € Cs}’

where c¢;; denotes the correlation between the variables i
and j. Thus, at each step, the algorithm merged clusters
with the highest correlating variables.

The lower part of Figure 2 visualizes the actual clustering
process using the dendrogram. The history (vertical direc-
tion) of the mergings is shown from the beginning (one
family in each cluster) to the end (all families in one clus-
ter). By simultaneously exploring the two images, a rea-
sonable value for the number of clusters can be found and
the characteristics of the cluster solution visualized in a
useful manner. It is also helpful to monitor the inter-clus-
ter distance measure for possible large jumps which indi-
cate that two distant clusters are being merged (Figure 3).

Validation of cluster result

The clusters were obtained by treating families as single
objects whose dissimilarity was measured by the pairwise
test performance differences between the family mem-
bers. One may therefore ask whether the clusters found
still appear to be distinct groups when viewed simply as
sets of individual subjects. We examined this question by
dividing repeatedly the 54 families into three random
clusters that had the same number of families as in the
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Visualization of clustering result. A visualization of the data and the cluster solution using the data image and the dendro-
gram. On the last line of the data image clusters |, 2 and 3 are depicted with different colors. Both the subjects and the neu-
ropsychological tests were ordered by a complete linkage clustering algorithm (see the text).

proposed three cluster solution and by computing, for
each of the three pairs of the generated clusters, the ratio
BW,, = B, /(W + W,), where B, is the mean distance
between subjects from clusters r and s (in the 19-dimen-
sional space) and W, is the mean distance between sub-
jects within cluster r. The statistic BW, ; takes on a large
value if the distance between the subjects from the differ-
ent clusters is large compared to the distance between the
subjects within the clusters themselves indicating that the
two clusters are separated in the 19-dimensional space
defined by the variables used. If the values of BW,  for the
proposed three clusters are significantly higher than for a
random partition we take this as evidence that the clusters
found indeed constitute meaningful groups also at the
level of individual subjects.

Further, after the cluster analysis, the proposed family
clusters were examined for differences on demographic
and neuropsychological measures. In addition, the
patients included in the clusters were examined for the
differences in clinical variables as evaluated by the
OPCRIT (premorbid social adaptation, response to neu-
roleptic treatment, chronicity, age of onset) of the disor-
der. In comparing the demographic and clinical variables,

the Chi-square test, or t-test, both two-tailed, were
applied. The differences in the quantitative neuropsycho-
logical measures were analyzed using the linear mixed
effects (LME) model, which takes into account the
dependence between the subjects, who, a priori, came
from the same families. Thus, family was included as a
random effect in all models with age and sex as the fixed
effects. In addition, post hoc models were conducted with
education years as an added fixed effect, a known con-
founder for cognitive functions. In all these analyses, the
probability level < 0.05 indicated statistical significance.
Analyses were performed using the S-Plus statistical soft-
ware, version 3.4 [26].

Results

The cluster solution

Three clusters of families were successfully identified from
the study sample. The first cluster comprised 94 subjects
from 17 families, the second cluster 50 subjects from 12
families, and the third cluster 115 and 25. Adding more
neuropsychological test variables or leaving out the sex or
the age of the subjects had little effect on the solution.
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Merging distances. The inter-cluster distance (merging distances) as a function of the number of clusters. The vertical line
indicates the suggested three cluster result, after which there is a clear jump in the merging distances.

The data image (Figure 2) indicated that the overall per-
formance of the subjects was higher in the first cluster
than in the second, and that the performance in the third
cluster was between the other two. The three clusters were
therefore identified as consisting of subjects that were rel-
atively well-performing, impaired and intermediate,
respectively.

A three cluster solution is supported by the homogeneity
of the within-cluster test performance patterns of the pro-
posed groups (Figure 2). As shown by the dendrogram,
the two-cluster solution would combine the impaired and
the intermediate clusters, and the four-cluster result
would divide the well-performing cluster into two sub-

clusters one of which is very small, consisting only of six
families. Stopping the merging process even earlier does
not appear to suggest any interesting alternative cluster
solutions. Note also the jump in the distance function of
Figure 3 after 3 clusters.

In Figure 4 the three family clusters are further visualized
by classic metric multidimensional scaling (MDS)
[27,28]. Thus, with a total of 19 variables, the 54 families
comprising the three clusters are represented as points in
the 19-dimensional euclidean space so that the pairwise
distances between the points match the original distances
between the families (maximum pairwise euclidean dis-
tances between subjects in the families). The two-dimen-
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Multidimensional scaling visualization. A two-dimensional visualization using multidimensional scaling (MDS) of the fami-
lies in the three clusters found. The similarity measure employed in MDS was the same one that was used in the family cluster-
ing procedure, with the natural modification that the distance between a family and itself was set to zero. The horizontal and
vertical axes are the directions with the highest and the second highest variance, respectively.

sional projection of the 19-dimensional space, although
capturing only 27.0% of the total variation, shows the two
most important directions (the directions with the highest
variance) and provides evidence on the success of the clus-
tering process itself, i.e., in the sense of the distance meas-
ured used, clustering does appear to produce three
separate classes of families. Further visualization of the
clusters, including an animation, is provided by the
supplementary material to this article (See Additional file
1,2,3,4 and 5.

In each of the three pairwise comparisons of the statistic
BW, ( the randomly generated clustering solution almost
always had a smaller value than the proposed clustering
solution (the fraction of opposite results in 10 000 trials
was less than 0.01). This lends support to the visual
impression that the three clusters are separate groups
when viewed as subsets of individual subjects. Results
were similar when the family structure was ignored and
the random clusters were generated allowing subjects
from the same family to be assigned to different clusters.
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Table I: Demographic characteristics Demographic characteristics of the family members in the well-performing (Cluster I), impaired

(Cluster 2), and intermediate (Cluster 3) clusters.

Cluster | (n = 94, 17 families)

Cluster 2 (n = 50, 12 families)

Cluster 3 (n = |15, 25 families)

Mean SD Mean SD Mean SD
Sex (F/M) 48/46 24/26 50/65
Age 48.8 9.4 12.6 48.5 1.3
Education years 11.32b 3.0 2.4 9.9 23

aContrast versus cluster | and 2, p < 0.001, t-test, two-tailed. ®PContrast versus cluster | and 3, p < 0.001, t-test, two-tailed.

Table 2: Clinical characteristics Clinical characteristics of the affected family members in the well-performing (Cluster 1), impaired

(Cluster 2), and intermediate (Cluster 3) clusters

Cluster | (n = 35)

Yes No Yes
Poor premorbid social adjustment 14 21 13
Response to neuroleptics 30 5 21
Chronic course of the disorder 15 20 17

Cluster 2 (n = 27)

Cluster 3 (n = 43) p
No Yes No | vs. 2% | vs. 3* 2 vs. 3*
14 27 16 ns 0.04 ns
6 34 9 ns ns ns
10 24 19 ns ns ns

* Chi square, two-tailed.

Demographic and clinical characteristics

The demographic characteristics of the clusters of families
are shown in Table 1, and Table 2 shows the clinical char-
acteristics of the subjects with schizophrenia, schizoaffec-
tive disorder or schizophreniform disorder. The three
clusters did not differ by age or sex distribution. The well-
performing cluster had significantly more years of educa-
tion than the two others (p <0.001 in contrasts versus both
other clusters). Overall, the clusters did not differ in clini-
cal characteristics, except that the well-performing cluster
showed better premorbid adaptation than the intermedi-
ate cluster (p = 0.04). The age of onset did not differ
between the clusters (mean 25.9, SD 7.8, mean 24.7, SD
7.6, mean 23.7, SD 7.6 in clusters 1, 2, and 3, respectively,
all p-values > 0.20). The impaired cluster did not include
any patients with schizoaffective disorder, bipolar disor-
der or other affective psychotic disorders, while in the
well-performing and intermediate clusters, these diag-
noses were assigned to 14% and 11% of the subjects,
respectively. About 36% of family members in all three
clusters were unaffected.

Neuropsychological variables

The impaired cluster scored lowest in all measured neu-
ropsychological variables, and the intermediate cluster
showed consistently worse performance than the well-
performing one (Table 3). The differences between the
family clusters in the neuropsychological variables were
tested by the within-family linear mixed effect models. In

these models, the impaired cluster was found to achieve
significantly lower scores than both other clusters in
almost all traits (Table 4). The only variable not reaching
statistical significance in differentiating any of the clusters
was auditory attention.

Effect of education

As the clusters differed significantly from each other in
education years, we conducted post hoc linear mixed
effects models with family as the fixed effect, and age, sex
and education years as the random effects (data not
shown). This did not eliminate the significant differences
in cognitive functioning between the well-performing and
the impaired cluster. In contrasts between the well-per-
forming and intermediate cluster, all other differences
remained significant, except in the scores of Visual imme-
diate recall, Digit Symbol, and Verbal fluency, which lost
their significance. Between the intermediate and the
impaired cluster, scores in Vocabulary and Digit Symbol
were no longer significantly different after controlling for
education years.

Discussion

We report on the application of a visually aided clustering
algorithm to data based on performance in a set of neu-
ropsychological test measures, these being potential
endophenotypic traits in schizophrenia. We were able to
successfully detect three separate family clusters compris-
ing both schizophrenia patients and their family mem-
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Table 3: Neuropsychological test performance Means and Standard Deviations in neuropsychological test performance (raw scores)
among the family members in the well-performing (Cluster 1), impaired (Cluster 2), and intermediate (Cluster 3) clusters

Cluster | (n =94)

Cluster 2 (n = 50)

Cluster 3 (n = 115)

Mean SD Mean SD Mean SD
Auditory attention 6.7 2.1 5.8 1.9 6.3 1.8
Verbal working memory 6.1 2.3 4.5 2.0 4.7 1.7
Visual attention 8.6 2.1 6.8 1.9 7.6 1.8
Visual working memory 78 2.1 53 27 6.9 2.0
Story recall immediate 20.1 79 1.7 6.8 14.5 7.1
Story recall delayed 16.6 8.0 8.0 6.9 1.2 6.8
Visual reproduction imm 32.1 6.9 235 1.4 27.6 84
Visual reproduction del 274 9.9 16.2 12.8 21.2 10.5
Vocabulary 41.8 12.1 27.8 14.3 33.1 1.6
Similarities 247 4.6 18.5 6.7 21.1 5.3
Digit Symbol 394 16.5 26.9 13.6 344 13.8
Block design 28.6 1.6 17.7 12.5 223 10.8
Verbal learning 45.2 12.2 30.9 1.5 36.6 1.7
Semantic clustering 13.2 84 6.7 48 8.1 6.6
Recognition 93.2 6.0 8l.1 16.6 87.2 10.3
Verbal fluency 29.9 1.5 22.0 10.4 252 9.3
Verbal fluency, animals 20.2 6.2 14.2 5.2 16.2 5.0

Table 4: Differences in neuropsychological test performance Differences in neuropsychological test performance between the well-
performing (Cluster 1), impaired (Cluster 2), and intermediate (Cluster 3) clusters. Linear mixed effects models with family as a
random effect, and sex and age as fixed effects

Cluster 2 vs. Cluster |

Cluster | vs. Cluster 3

Cluster 2 vs. Cluster 3

Coeff SD Wald p Coeff SD Wald p Coeff SD Wald p
Auditory attention -0.81 0.43 -1.87 0.07 0.40 0.35 .12 0.28 -0.41 0.41 -1.00 0.32
Verbal working m -1.52 0.46 -3.31 0.002 1.40 0.38 3.74 <0.001 -0.11 0.44 -0.27 0.80
Visual attention -1.65 0.39 -423 <0.001 1.00 0.31 3.19 0.002 -0.65 0.37 -1.74 0.08
Visual working m -2.31 0.46 -4.98 <0.001 091 0.38 242 0.02 -1.40 0.44 -3.17 0.003
Story recall imm -8.18 1.65 -4.95 <0.001 5.71 1.33 429 <0.001 -2.47 1.56 -1.58 0.11
Story recall del -8.38 1.59 -5.27 <0.001 5.37 1.28 420 <0.001 -3.01 1.50 -2.00 0.05
Visual reprod imm -7.82 1.56 -5.02 <0.001 4.49 1.23 3.65 <0.001 -3.33 1.49 -2.23 0.03
Visual reprod del -10.20 2.03 -5.03 <0.001 5.93 1.60 3.71 <0.001 -4.26 1.93 -2.21 0.03
Vocabulary -14.39 2.39 -6.03 <0.001 8.64 1.92 4.50 <0.001 -5.74 2.29 -2.51 0.02
Similarities -9.95 243 -4.09 <0.001 3.51 0.84 4.17 <0.001 -2.45 1.00 -2.45 0.02
Digit Symbol -10.01 2.66 -3.91 <0.001 4.42 2.13 2.08 0.04 -5.66 2.54 -2.23 0.03
Block design -8.48 2.76 -3.07 <0.004 6.64 1.96 3.38 0.001 -3.31 231 -1.43 0.16
Verbal learning -13.74 211 -6.53 <0.001 8.22 1.69 4.87 <0.001 -5.52 2.03 -2.72 0.009
Semantic clust -6.20 1.21 -5.12° <0.001 4.92 0.97 5.10 <0.001 -1.28 1.17 -1.09 0.28
Recognition -11.21 1.82 -6.14  <0.001 5.79 1.45 3.98 <0.001 -5.41 1.77 -3.07 0.004
Verbal flu -7.50 221 -3.40 0.001 4.59 1.79 2.57 0.01 -2.90 2.08 -1.40 0.17
Verbal flu, anim -5.80 1.00 -5.78 <0.001 4.01 0.80 5.03 <0.001 -1.79 0.96 -1.87 0.07

the families scored

bers. In the impaired cluster,
significantly worse than those in the other two. The well-
performing cluster received the highest scores in each cog-
nitive test, and the intermediate cluster scored consist-
ently between the other two. However, the clusters of
families did not differ from each other in age, sex distribu-
tion, and, regarding the affected subjects, in the age of

onset, or in most of the other clinical features. The well-
performing cluster was significantly more educated than
the two others, but controlling for education years did not
change the main results.

We tested the differences in the diagnostic class distribu-
tions (including those with no diagnosis), and although
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the differences did not reach statistical significance, we
find it interesting that none of the subjects with schizoaf-
fective disorder, bipolar disorder, or other affective psy-
chotic disorders ended up into the impaired cluster. We
consider this as supporting the validity of particularly the
poor cluster, which seems to represent a subsample of
core schizophrenia with the most defected cognitive func-
tioning. This cluster included the same proportion of
unaffected subjects than the other two clusters, and based
on the clustering algorithm, these family members with-
out any psychiatric diagnoses during their lifetime per-
formed generally poorly, too.

Global verbal memory, including the story recall from the
WMS-R [17] and verbal learning from the CVLT [19], were
among the measures that differentiated well the clusters.
This is in line with results by Heinrichs and Zakzanis [29],
who found the best effect sizes in these functions in differ-
entiating schizophrenia patients from controls. However,
against a background of global dysfunction, any selective
impairments such as those in verbal memory, are only rel-
ative [29]. The present study suggests that it is possible to
characterize families with convergent cognitive perform-
ance using variables from several domains of cognition,
such as attention, verbal memory, executive functioning,
and intelligence. In efforts aiming at sample homogene-
ity, the best method may be using multiple endopheno-
typic measures. In part, our results are also comparable to
those by Erlenmeyer-Kimling et al [30], who found that
impairments in multiple cognitive measures best pre-
dicted future schizophrenia in high risk subjects.

Our results suggest that molecular genetic analyses could
benefit from prior appliance of our method, revealing
meaningful family subgroups in a representative sample
of familial schizophrenia. It would allow the resources to
be targeted primarily for gene hunting projects among
more homogeneous groups of families. Our new
approach to combining data visualization and clustering
appears to offer a valuable tool for identifying clusters in
family-based data. Applying hierarchical clustering and
the data image interactively helps to identify a reasonable
value for the number of clusters in the cluster solution. By
ordering the variables in the data image suitably, one
gains useful insight into the test performance characteris-
tics of the subjects in the clusters.

As suggested in Palmer et al. [31], there may be a group of
schizophrenia patients with no observed global impair-
ment in cognition. One result of the present cluster anal-
ysis was the detection of a group of schizophrenia families
with clearly better performance than the families in the
two other clusters. This finding, together with those of
previous studies, warrants further research for detecting
putative factors protecting the cognitive development of

http://www.biomedcentral.com/1471-244X/4/20

these patients and their family members. Interestingly,
attention, as measured by the simple auditory attention
task (verbal span forwards), did not differentiate the clus-
ters. The mean score in this task was also below the
national normative mean in all clusters. This may indicate
a fundamental impairment of attention in schizophrenia
[32], observed also in patients and family members who
otherwise perform well. When education was controlled
for, it was further found that score in Digit Symbol, a test
measuring information processing speed, and verbal flu-
ency, a measure of executive function, did not any more
separate the clusters. These results are in line with those in
Weickert et al. [33], who found a selective impairment in
executive function and attention in a group of schizophre-
nia patients defined as cognitively preserved.

The present study is the first one in which cluster analysis
of neuropsychological test variables has been conducted
among a representative sample of familial schizophrenia
comprising both affected and unaffected family members.
The sample of the present study was randomly selected
from a nationwide familial schizophrenia cohort. How-
ever, the results may not be generalizable to families with
only one patient with the disorder. The similar patterns in
neuropsychological performance in the clusters may be
due to a variety of familial environmental effects, which
are difficult to define ex post facto. Furthermore, our set of
neuropsychological measures did not cover all those cog-
nitive domains that previous studies have suggested as
valid cognitive endophenotypes. However, it has been
demonstrated in twin and in family studies [3,7,34], that
the cognitive traits from our test selection measuring
attention, working memory, verbal memory and visual
memory do show genetic effects. Furthermore, in the
present sample, the included test variables discriminated
the affected and unaffected subjects, both in the whole
sample and within clusters (data not shown).

In the absence of a control sample, the present study
could not test the possibility that the same clustering solu-
tion would emerge in normal families from the popula-
tion. However, to our knowledge, such family clustering
studies have not been conducted. In a study by Horan and
Goldstein [35], a cluster analysis was conducted both in a
patient and in a non-psychotic patient control group. The
clustering solutions in these groups did not resemble each
other, suggesting a specific pattern in the schizophrenic
population. It is known that family members of schizo-
phrenia patients tend to perform worse than subjects from
control populations [1-3], and particularly those in
multiply affected families [8,34]. Indeed, the aim of the
present study was to explore the clustering of families in
multiply affected families with schizophrenia. Thus the
generalizability of the results may be limited to such sam-
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ples representing about one fifth of all schizophrenia
cases [36].

Clearly, the choice of the inter-cluster distance measure
can greatly influence the merging process and hence the
cluster solutions obtained. The maximum pairwise
distance between subjects adopted in our analysis assigns
a small distance between clusters only if all subjects in the
clusters are close to each other in their test performance.
We also experimented with the minimum pairwise dis-
tance but the results were poor. An explanation for this
emerges by studying the minimum distance measure
along the first few principal component directions of the
normalized test results (the directions of largest variance).
It turns out that, along these directions, most families
have a member with nearly average performance and
whose test results therefore closely match those of many
members of other families. The variance of the distribu-
tion of the pairwise minimum distances is small and
modest changes in the test results can lead to significantly
different cluster solutions. The mean of pairwise distances
between two clusters would be a compromise between the
maximum and the minimum distances, but it turned out
to behave much like the minimum distance and was
therefore not used.

Conclusions

The new approach which combines clustering and data
visualization was effective in identifying homogeneous
subgroups of schizophrenia families with convergent cog-
nitive test performance. Our results emerging from a sam-
ple of familial schizophrenia patients are in line with
previous studies in which two extreme clusters have con-
sistently emerged, characterized by a well-performing and
a dysfunctional group of subjects, and at least one inter-
mediate [11,12,37]. Our results agree with those in Saut-
ter et al. [13], in which neuropsychological data of
familial schizophrenia patients formed three clusters with
respect to the level of performance. The fact that our find-
ings, after including both affected and unaffected subjects
agree with prior evidence, suggest further use of the cogni-
tive traits as valid endophenotypes to be used in genetic
linkage analyses. This method seems valid for partitioning
the schizophrenia families by a relevant phenotypic cate-
gory, resulting in more homogeneous subgroups. The
method and results of the present study may be exploited
in selecting whole families for subsequent analyses using
the actual genetic marker data.
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Additional material

Additional file 1

Comparison of Cluster 1 (well-performing) and Cluster 2 (impaired).
The original variables (neuropsychological test variables + age) are visu-
alized using the parallel coordinate plot. The subjects classified as well-per-
forming are colored green and those classified as impaired are colored red.
Yellow indicates overlap of green and red. There is overlap in all the orig-
inal variables. The above figure was produced using the Crystal Vision
software. The software uses a so-called grand tour technique to systemati-
cally (and in a continous manner) go through all possible rotations in the
data space. The tour can be visually monitored using the parallel coordi-
nate plot.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
244X-4-20-S1.gif]

Additional file 2

Smaller version of Additional file 1. Comparison of Cluster 1 (well-per-
forming) and Cluster 2 (impaired). The original variables (neuropsycho-
logical test variables + age) are visualized using the parallel coordinate
plot. The subjects classified as well-performing are colored green and those
classified as impaired are colored red. Yellow indicates overlap of green
and red. There is overlap in all the original variables. The above figure was
produced using the Crystal Vision software. The software uses a so-called
grand tour technique to systematically (and in a continous manner) go
through all possible rotations in the data space. The tour can be visually
monitored using the parallel coordinate plot.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
244X-4-20-S2.gif]

Additional file 3

A parallel coordinate plot of the data after a rotation transformation in the
data space. The axes correspond now to linear combinations of the original
variables. The Gth axis from the top shows an interesting one-dimensional
projection of the data. In this direction the two clusters are well separated.
The above figure was produced using the Crystal Vision software. The soft-
ware uses a so-called grand tour technique to systematically (and in a con-
tinous manner) go through all possible rotations in the data space. The
tour can be visually monitored using the parallel coordinate plot.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-

244X-4-20-53.gif]
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Additional file 4

Smaller version of Additional file 3. A parallel coordinate plot of the data
after a rotation transformation in the data space. The axes correspond now
to linear combinations of the original variables. The Gth axis from the top
shows an interesting one-dimensional projection of the data. In this direc-
tion the two clusters are well separated. The above figure was produced
using the Crystal Vision software. The software uses a so-called grand tour
technique to systematically (and in a continous manner) go through all
possible rotations in the data space. The tour can be visually monitored
using the parallel coordinate plot.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
244X-4-20-54.gif]

Additional file 5

A movie which demonstrates the use of the software can be downloaded
here. Smaller resolution CrystalVision.mpg(0.86 Mb). A higer resolution
version of this movie is available at http://www.rni. helsinki.fi/~fjh/
famil _supp/CrystalVision.aviReference for Crystal Vision software Crys-
talVision, copyright (c) 2000 by Crystal Data Technologies (Qiang Luo,
Edward ]. Wegman, and Xiaodong Fu), is a Windows 95/98/NT package
for Wintel computers. A demonstration version of CrystalVision is availa-
ble at ftp://www.galaxy.gmu.edu/pub/software/CrystalVisionDemo.exe
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
244X-4-20-S5.mpg|

Acknowledgements

The study was supported in part by Millennium Pharmaceuticals, Inc., and
American Home Products Corp., Wyeth-Ayerst Research Division. Diag-
nosticians and field workers collecting data from the families are warmly
acknowledged. The work of F. Hoti was partially supported by the Finnish
Graduate School in Stochastics and by Grant 202324 from the Academy of
Finland.

References

1. Park S, Holzman PS, Goldman-Rakic PS: Spatial working memory
deficits in the relatives of schizophrenia patients. Arch Gen
Psych 1995, 52:821-828.

2. Faraone SV, Seidman L), Kremen WS, Toomey R, Pepple JR, Tsuang
MT: Neuropsychological functioning among the nonpsy-
chotic relatives of schizophrenic patients: a 4-year follow-up
study. | Abnorm Psychol 1999, 108:176-181.

3. Cannon TD, Huttunen MO, Lénnqvist ], Tuulio-Henriksson A, Pirkola
T, Glahn D, Finkelstein J, Hietanen M, Kaprio |, Koskenvuo M: The
inheritance of neuropsychological dysfunction in twins dis-
cordant for schizophrenia. Am | Hum Genet 2000, 67:369-382.

4.  Gottesman ll, Shields J: Schizophrenia and genetics: a twin study vantage
point New York: New York: Academic Press; 1972.

5. Toomey R, Faraone SV, Seidman LJ, Kremen WS, Pepple JR, Tsuang
MT: Association of neuropsychological vulnerability markers
in relatives of schizophrenia patients. Schizophr Res 1998,
31:89-98.

6. Freedman R, Adler LE, Leonard S: Alternative phenotypes for the
complex genetics of schizophrenia. Biol Psychiatry 1999,
45:551-558.

7. Tuulio-Henriksson A, Haukka J, Partonen T, Varilo T, Paunio T, Eke-
lund J, Cannon TD, Meyer JM, Lonnqyist J: Heritability of neuro-
cognitive functions and number of quantitative trait loci
contributing to them in families with schizophrenia. Am | Med
Genet (Neuropsychiatric Genet) 2002, 114:483-490.

20.

21.

22.
23.
24,
25.

26.
27.
28.
29.

30.

31

32

33.

http://www.biomedcentral.com/1471-244X/4/20

Tuulio-Henriksson A, Arajirvi R, Partonen T, Haukka ], Varilo T,
Schreck M, Cannon TD, Lénnqyist J: Familial loading associates
with impaired visual span among healthy siblings of schizo-
phrenia patients. Biol Psychiatry 2003, 54:623-628.

Gottesman I, Gould TD: The Endophenotype Concept in Psy-
chiatry: Etymology and Strategic Intentions. Am | Psychiatry
2003, 160:636-645.

Egan MF, Goldberg TE: Intermediate cognitive phenotypes
associated with schizophrenia. Methods in Molecular Medicine
2003, 77:163-197.

Turetsky Bl, Moberg PJ, Mozley LH, Moelter ST, Agrin RN, Gur RC,
Gur RE: Memory-delineated subtypes of schizophrenia: rela-
tionship to clinical, neuroanatomical, and neurophysiological
measures. Neuropsychology 2002, 16:481-490.

Hill SK, Ragland DJ, Gur RC, Gur RE: Neuropsychological profiles
delineate distinct profiles of schizophrenia, an interaction
between memory and executive function, and uneven distri-
bution of clinical subtypes. | Clin Exp Neuropsych 2002,
24:765-780.

Sautter FJ, McDermott BE, Cornwell |, Johnson |, Borges A, Wilson
AF, Vasterling JJ, Foundas AL: A preliminary study of the neu-
ropsychological heterogeneity of familial schizophrenia.
Schizophr Res 1995, 18:1-7.

Diagnostic and Statistical Manual of Mental Disorders. 4th
edition. Washington, DC: American Psychiatric Press; 1994.
McGuffin P, Farmer AE, Harvey I: A polydiagnostic application of
operational criteria in psychotic illness: development and
reliability of the OPCRIT system. Arch Gen Psychiatry 1991,
48:764-770.

First MB, Spitzer RL, Gibbon M, Williams ]BW: Structured Clinical
Interview for DSM-IV Axis | Disorders — Clinician Version
(SCID-CYV). Washington, DC: American Psychiatric Press; 1997.
Wechsler D: Wechsler Memory Scale — Revised (WMS-R).
Manual. The Psychological Corporation, San Antonio: Harcourt Brace
Jovanovich, Inc 1987.

Wechsler D: WMS-R Kasikirja. Helsinki: Psykologien Kustannus 1996.
In Finnish

Delis DC, Kramer JH, Kaplan E, Ober BA: California Verbal
Learning Test. Manual. Research, The Psychological Corporation. Har-
court Brace & Company, San Antonio 1987.

Benton AL, Hamsher K: Multilingual Aphasia Examination
Manual. lowa City: University of lowa 1989.

Wechsler D: Wechsler Adult Intelligence Scale - Revised
(WAIS-R). Manual. The Psychological Corporation, Cleveland: Harcourt
Brace Jovanovich, Inc 1981.

Lezak MD: Neuropsychological Assessment 3rd edition. New York:
Oxford University Press; 1995.

Wechsler D: WAIS-R Kaisikirja. Helsinki: Psykologien Kustannus
1992. In Finnish

Wegman E: Hyperdimensional data analysis using parallel
coordinates. | Am Stat Assoc 1990, 85:664-675.

Minnotte MC, West BW: The Data Image: a tool for exploring
high dimensional data sets. In /998 Proceedings of the ASA Section
on Statistical Graphics 1999:25-33.

MathSoft, Data Analysis Products Division: S-Plus. Version 3.4 for
Unix-supplement, Seattle 1996.

Young G, Householder AS: Discussion of a set of points in terms
of their mutual distances. Pyschometrika 1938, 3:19-22.

Cox TF, Cox MAA: Multidimensional scaling Chapman & Hall, London;
1994.

Heinrichs RWV, Zakzanis KK: Neurocognitive deficit in schizo-
phrenia: A quantitative review of the evidence. Neuropsychol-
ogy 1998, 12:426-445.

Erlenmeyer-Kimling L, Rock D, Roberts SA, Janal M, Kestenbaum C,
Cornblatt B, Adamo UH, Gottesman Il: Attention, memory, and
motor skills as childhood predictors of schizophrenia-related
psychoses: The New York High-Risk Project. Am | Psychiatry
2000, 157:1416-1422.

Palmer BW, Heaton RK, Paulsen ]S, Kuck J, Braff D, Harris M, Zisook
S, Jeste DV: Is it possible to be schizophrenic yet neuropsycho-
logically normal? Neuropsychology 1997, 3:437-446.

Cornblatt BA, Malhotra AK: Impaired attention as an endophe-
notype for molecular genetic studies of schizophrenia. Am |
Med Genet 2001, 105:11-15.

Weickert TW, Goldberg TE, Gold JM, Bigelow LB, Egan MF, Wein-
berger DR: Gognitive impairments in patients with schizo-

Page 12 of 13

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-244X-4-20-S4.gif
http://www.rni.helsinki.fi/~fjh/famil_supp/CrystalVision.avi
http://www.rni.helsinki.fi/~fjh/famil_supp/CrystalVision.avi
ftp://www.galaxy.gmu.edu/pub/software/CrystalVisionDemo.exe
http://www.biomedcentral.com/content/supplementary/1471-244X-4-20-S5.mpg
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1037//0021-843X.108.1.176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1037//0021-843X.108.1.176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1037//0021-843X.108.1.176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10067004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1086/303006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1086/303006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1086/303006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10880296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0920-9964(98)00025-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0920-9964(98)00025-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9689713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0006-3223(98)00321-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0006-3223(98)00321-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10088045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1002/ajmg.10480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1002/ajmg.10480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1002/ajmg.10480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0006-3223(03)00232-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0006-3223(03)00232-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0006-3223(03)00232-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13129657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1176/appi.ajp.160.4.636
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1176/appi.ajp.160.4.636
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12668349
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12298369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12298369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1037//0894-4105.16.4.481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1037//0894-4105.16.4.481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1037//0894-4105.16.4.481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12382987
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1076/jcen.24.6.765.8402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1076/jcen.24.6.765.8402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1076/jcen.24.6.765.8402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0920-9964(95)00015-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0920-9964(95)00015-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8929755
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1883262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1883262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1883262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1037//0894-4105.12.3.426
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1037//0894-4105.12.3.426
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9673998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1176/appi.ajp.157.9.1416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1176/appi.ajp.157.9.1416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1176/appi.ajp.157.9.1416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10964857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1002/1096-8628(20010108)105:1<11::AID-AJMG1045>3.3.CO;2-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1002/1096-8628(20010108)105:1<11::AID-AJMG1045>3.3.CO;2-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11424979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1001/archpsyc.57.9.907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1001/archpsyc.57.9.907

BMC Psychiatry 2004, 4:20

phrenia displaying preserved and compromized intellect.
Arch Gen Psychiatry 2000, 57:907-913.

34. Faraone SW, Seidman L), Kremen WS, Toomey R, Pepple JR, Tsuang
MT: Neuropsychologic functioning among the nonpsychotic
relatives of schizophrenic patients: the effect of genetic
loading. Biol Psychiatry 2000, 48:120-126.

35. Horan WP, Goldstein G: A retrospective study of premorbid
ability and aging differences in cognitive clusters of
schizophrenia. Psychiatry Research 2003, 118:209-221.

36. Gottesman I, Shields J: Schizophrenia. The Epigenetic Puzzle Cam-
bridge: Cambridge University Press; 1982.

37. Goldstein G, Allen DN, Seaton BE: A comparison of cluster solu-
tions for cognitive heterogeneity in schizophrenia. | Int Neu-
ropsych Soc 1998, 4:353-362.

Pre-publication history
The pre-publication history for this paper can be accessed
here:

http://www.biomedcentral.com/1471-244X/4/20/pre
pub

http://www.biomedcentral.com/1471-244X/4/20

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 13 of 13

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1001/archpsyc.57.9.907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10986554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0006-3223(99)00263-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0006-3223(99)00263-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0006-3223(99)00263-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10903408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0165-1781(03)00078-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0165-1781(03)00078-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0165-1781(03)00078-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12834815
http://www.biomedcentral.com/1471-244X/4/20/prepub
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Subjects and data collection
	Test procedures
	Clustering and statistical analyses
	Notation and imputation of missing values
	Cluster analysis
	<TABLE>
	Validation of cluster result


	Results
	The cluster solution
	Table 1
	Table 2

	Demographic and clinical characteristics
	Neuropsychological variables
	Effect of education
	Table 3
	Table 4


	Discussion
	Conclusions
	Competing interests
	Authors' contributions
	Additional material
	Acknowledgements
	References
	Pre-publication history

