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While genetic influences in schizophrenia are substantial, the disorder’s molecular genetic basis remains elusive.
Progress has been hindered by lack of means to detect nonpenetrant carriers of the predisposing genes and by
uncertainties concerning the extent of locus heterogeneity. One approach to solving this complexity is to examine
the inheritance of pathophysiological processes mediating between genotype and disease phenotype. Here we eval-
uate whether deficits in neurocognitive functioning covary with degree of genetic relationship with a proband in
the unaffected MZ and DZ co-twins of patients with schizophrenia. Twin pairs discordant for schizophrenia were
recruited from a total population cohort and were compared with a demographically balanced sample of control
twin pairs, on a comprehensive neuropsychological test battery. The following four neuropsychological functions
contributed uniquely to the discrimination of degree of genetic loading for schizophrenia and, when combined,
were more highly correlated within MZ pairs than within DZ pairs, in both discordant and control twins: spatial
working memory (i.e., remembering a sequence of spatial locations over a brief delay), divided attention (i.e.,
simultaneous performance of a counting and visual-search task), intrusions during recall of a word list (i.e., “re-
membering” nonlist items), and choice reaction time to visual targets. Together with evidence from human and
animal studies of mediation of these functions by partially distinct brain systems, our findings suggest that there
are multiple independently inherited dimensions of neural deficit in schizophrenia and encourage a search for genes
contributing to quantitative variation in discrete aspects of disease liability. On tests of verbal and visual episodic
memory, but not on the liability-related measures, patients were more impaired than their own MZ co-twins,
suggesting a preferential impact of nongenetic influences on long-term memory systems.

Introduction

Twin and adoption studies have demonstrated a sub-
stantial genetic contribution to schizophrenia (i.e., on
the order of 65%–85% [Kendler and Diehl 1993; Can-
non et al. 1998a] [MIM 604906]), but the molecular
genetic basis of the disorder remains elusive (Karayior-
gou and Gogos 1997). These efforts have been hindered
in part by lack of means to detect non–clinically pene-
trant carriers of the predisposing genes and by uncer-
tainties concerning both the nature of the nongenetic
etiologic influences and the extent of locus heterogeneity.
Reduced penetrance is indicated by !100% concordance
for schizophrenia and related disorders in MZ twins
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(Cannon et al. 1998a) and by equivalent morbid risks
in offspring of affected and unaffected MZ co-twins
(Fisher 1971; Gottesman and Bertelsen 1989). Hetero-
geneity is suggested by the absence of a common chro-
mosomal region linked to schizophrenia in all or a ma-
jority of families, even those sampled from isolated gene
pools (Karayiorgou and Gogos 1997; Hovatta et al.
1999). This complexity encourages a search for phe-
notypic indicators that reflect discrete components of
pathophysiological processes mediating between partic-
ular sets of predisposing genes and clinical diagnosis
(“endophenotypes” [Gottesman et al. 1987; Cannon
1996; Freedman et al. 1997]). Such indicators should be
sensitive to the degree of genetic liability in clinically
unaffected pedigree members and could be used to select
more-homogeneous subgroups of families for linkage
analysis.

Promising endophenotypes for schizophrenia include
indicators of disturbances in prefrontal and temporo-
limbic systems and their interconnections (Kremen et
al. 1994; Cannon 1996). Impairments in these systems
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are relatively prominent against a background of gen-
eralized cerebral dysfunction (Saykin et al. 1994; Can-
non et al. 1998b), and individuals with acquired lesions
in these areas show many of the symptoms characteristic
of schizophrenia (Luria 1966; Halgren 1982; Roberts
et al. 1990). Several studies have demonstrated familial
aggregation of schizophrenia with deficits in neuropsy-
chological tests sensitive to prefrontal and temporal lobe
damage, including tests of working memory, mental se-
quencing, and episodic learning and memory (Goldberg
et al. 1990; Cannon et al. 1994; Kremen et al. 1994;
Faraone et al. 1995; Byrne et al. 1999). Deficits on these
tests have been observed in patients during both active
and remitted phases of illness and both before and dur-
ing treatment with antipsychotic drugs (Cannon et al.
1994; Saykin et al. 1994; Censits et al. 1997). Similar
deficits appear in a portion of their nonschizophrenic
first-degree relatives, even after those with substance-
use disorders and other psychiatric diagnoses are ex-
cluded (Cannon et al. 1994; Faraone et al. 1999).

It remains to be determined whether the neuropsy-
chological deficits in relatives of patients with schizo-
phrenia could be explained by nongenetic influences
shared in common by individuals reared in the same
home. Although shared environmental influences are
not likely to have a major impact on the transmission
of schizophrenia overall (Cannon et al. 1998a), such
factors could play a role in the transmission of impaired
neurocognition, given their contribution, in the general
population, to familial resemblance in intellectual func-
tioning (Bouchard et al. 1990). If the deficits in relatives
of patients with schizophrenia reflect a genetic rather
than an environmental source, one would expect a
greater degree of deficit the closer the genetic relation-
ship to a proband, when environmental similarity
among relative pairs is held constant. One such test is
a comparison of the nonschizophrenic MZ and DZ co-
twins of patients with schizophrenia. Both types of
twins share gestational and postgestational rearing en-
vironments with a future patient but differ by a ratio
of 2:1 in genetic liability to the disease. Heritability of
an indicator would be supported also if the degree of
deficit is correlated within pairs of discordant co-twins
and more highly so among MZ than among DZ pairs.
Although a prior study reported evidence of impaired
neurocognition in the MZ co-twins of patients with
schizophrenia, compared with controls (Goldberg et al.
1990), the possibility of a shared environmental con-
tribution to these deficits was not addressed. To our
knowledge, no previous published study has evaluated
twin resemblance in neurocognitive functioning among
both MZ and DZ twins discordant for schizophrenia,
as compared with control pairs of both zygosities.

Here we have applied a comprehensive neuropsy-
chological test battery to samples of MZ and DZ twins

discordant for schizophrenia who were ascertained
from a total-population cohort and to demographically
similar control twins without a personal or family his-
tory of schizophrenia or related disorders. Multiple cog-
nitive domains were evaluated to assess whether two or
more dimensions of neurocognitive dysfunction meet
the criteria for an endophenotypic indicator after in-
dividual differences in the other domains and in general
ability have been controlled, a pattern that would be
consistent with their determination by at least partially
independent sets of genes. We also sought to clarify
whether genetic and nongenetic influences affect the
same or at least partially different neural systems, both
by comparing the neurocognitive-deficit profiles of pa-
tients with schizophrenia and those of their co-twins
and by comparing, between discordant and control
pairs, the magnitude of the heritability estimate on each
measure.

Subjects and Methods

The study protocol was reviewed and approved by the
institutional review boards (IRBs) of the University of
California (Los Angeles), the University of Pennsylvania,
and the National Public Health Institute of Finland, and
all participants signed IRB-approved informed-consent
forms.

Subjects

Subjects were drawn from a twin cohort consisting of
all of the same-sex twins born in Finland during
1940–57, inclusive, and in which both members of each
pair were alive and residing in Finland as of 1967
( pairs: 2,495 MZ, 5,378 DZ, and 1,689 ofN = 9,562
unknown zygosity, according to a questionnaire-based
classification [Kaprio et al. 1990]). This cohort was
screened, for the period 1969–91, for a history of hos-
pitalization, medicine prescriptions, and/or work disa-
bility due to a psychiatric indication, in three national
computerized databases—the Hospital Discharge Reg-
ister, the Free Medicine Register, and the Pension Reg-
ister (Cannon et al. 1998a). These searches identified a
total of 335 pairs containing at least one member with
a diagnosis of schizophrenia or schizoaffective disorder
according to any of the three sources. Discordant MZ
and DZ pairs were recruited randomly from this pop-
ulation, along with demographically balanced samples
of control pairs of each zygosity. Discordant pairs in
which, on direct interview, either the proband had a
diagnosis of schizoaffective disorder–affective type or
the co-twin had a psychotic-disorder diagnosis were ex-
cluded. Control pairs were excluded either if there was
a history of psychosis-related treatment or work disa-
bility in any of their first-degree relatives or if either co-
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twin was found, on direct interview, to meet diagnostic
criteria for a psychotic disorder or schizotypal, paranoid,
or schizoid personality disorder. The final samples con-
sisted of 48 pairs discordant for schizophrenia (18 MZ
and 30 DZ) and 55 control pairs (28 MZ and 27 DZ).
In addition, we evaluated 8 pairs concordant for schizo-
phrenia, to test for comparability, in clinical and neu-
ropsychological measures, between probands from con-
cordant and discordant pairs.

Procedures

Clinical evaluation.—Each co-twin was interviewed by
a different examiner who was blind to zygosity and to
diagnostic status of the other co-twin. All subjects were
interviewed using the Structured Clinical Interview for
DSM-III-R Disorders, Patient or Non-Patient edition
(Spitzer et al. 1989). Any subject with a psychotic con-
dition was also rated using the Scale for the Assessment
of Positive Symptoms (SAPS [Andreasen 1984]) and
Scale for the Assessment of Negative Symptoms (SANS
[Andreasen 1983]). All other subjects were interviewed
using the Personality Disorders Examination (Loranger
et al. 1985). A standardized medical-record coding form
was used to summarize details of the illness and treat-
ment history of any subject with a history of inpatient
admissions. The interviewer assigned diagnoses accord-
ing to Diagnostic and Statistical Manual of Mental Dis-
orders, Version IV (DSM-IV [American Psychiatric As-
sociation 1994]) criteria, utilizing all of the information
available on each case. For each subject, a detailed case
report summarizing the clinical, social, occupational,
and medical history was generated and subsequently
stripped of identifying and diagnostic information. An-
other diagnostician, who was not involved in the initial
interviews, read the case summaries and independently
assigned a primary DSM-IV diagnosis to each case. Re-
liability (Cohen 1960) of the primary diagnosis was ex-
cellent (i.e., ). Diagnostic disagreementsk = .96 � .02
were flagged, and another independent diagnostician
rated those cases for consensus diagnoses.

Zygosity.—For all pairs, zygosity was determined by
DNA analysis using the following markers: DIS80 (20
alleles), DI7S30 (13 alleles), apoB (20 alleles), COL2A1
(10 alleles), vWA (9 alleles), and HUMTH01 (6 alleles).
Assuming an average heterozygosity rate of 70% per
marker, we estimate that this procedure will falsely clas-
sify a DZ pair as MZ in ∼1/482 cases.

Neuropsychological testing.—A comprehensive neu-
ropsychological test battery was administered to each
subject by pre- and postdoctoral examiners who worked
under the supervision of neuropsychology faculty and
who, prior to the assessments, had extensive training
with the battery. Each co-twin was tested by a different
examiner who was blind to both zygosity and diagnostic

status of the other co-twin. All subjects received the same
battery of tests, in a fixed order. Total time for the test
battery was ∼3–4 h, including rest breaks as needed.

Table 1 provides a description of the measures and
corresponding cognitive functions that they were de-
signed to assess. The test instruments were selected to
measure, with approximately equivalent reliability, a
broad range of cognitive functions, the neural mecha-
nisms of which have been at least partially dissociated
from each other in animal and/or human studies. A well-
established distinction within the domain of memory is
that between short-term, or “working,” memory and
long-term, or “episodic,” memory, the former depending
critically on prefrontal cortical regions (e.g., see Funa-
hashi et al. 1989) and the latter depending on medial
temporal lobe structures and adjacent temporal cortex
(e.g., see Squire and Zola 1996). A further distinction
may be made in terms of mnemonic and other types of
processing (e.g., reasoning) in relation to verbal versus
nonverbal information, reflecting the general tendency
for specialized processing of the two types of informa-
tion, in the left and right hemispheres, respectively (Ben-
son and Zaidel 1985). Within the domain of verbal ep-
isodic memory, depending on lesion size and the relative
involvement of prefrontal and temporal lobe structures,
amnestic syndromes may involve a preferential impact
on the retrieval of previously learned information from
long-term storage, the rate of learning and recall of
newly presented information, organizational strategies
during recall (such as semantic clustering or logical re-
construction, as in memory of stories), or recall errors
such as intrusions (“remembering” items that were not
in the learning set) (Schacter et al. 1998). In the vis-
uospatial domain there are separate areas specialized for
processing faces versus other types of complex visual
stmuli (Farah 1996). A number of complex cognitive
operations require integration of different types of in-
formation or orchestration among different processes,
as in the division of attention when two tasks must be
performed simultaneously, sequencing of stimuli into an
appropriate order, conceptual grouping of stimuli on the
basis of their physical properties, and selective pro-
cessing of a target in the presence of distraction, all in-
volving “executive” processes that appear to be sup-
ported by partially distinct areas in the prefrontal cor-
tex as well as by other regions (Posner and Petersen
1990; Koechlin et al. 1999; Corbetta et al. 1991). Fi-
nally, reaction time in speeded tasks may be affected by
a motor-speed deficit that is separable from other cog-
nitive operations that may be involved, such as stimulus
detection, feature matching, and response selection (Sa-
kai et al., in press). In addition to assessing these specific
domains of functioning, we obtained a measure of gen-
eral ability, in the form of an overall intelligence quo-
tient (IQ), as prorated from scores on the Vocabulary,
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Table 1

Description of Measures Employed in the Neuropsychological Test Battery

Label Description (Measure and Instrument) Reference

Verbal working memory Immediate recall of strings of digits, either in original or reverse or-
der of presentation (Digit Span subtest of Weschler Memory
Scale–Revised)

Russell (1975)

Spatial working memory Immediate recall of sequences of spatial locations, in original or re-
verse order of presentation (Visual Span subtest of Weschler Mem-
ory Scale–Revised)

Russell (1975)

Divided attention Simultaneously counting backward and performing spatial cancella-
tion (percentage decrement, from single-task performance in a
Brown-Petersen dual-task paradigm)

Vilkki et al. (1996)

Sequencing Alternating connection of letters and numbers in ascending sequence
in a random spatial display (Trails B subtest of Halstead-Reitan
Battery)

Reitan and Wolfson (1985)

Categorization Conceptual grouping of items, on the basis of their shape, color, and
number (categories achieved on Wisconsin Card Sort Test)

Heaton (1981)

Verbal fluency Generation of animal names (no. of items generated in 1 min, on
the Verbal Fluency subtest of the Multilingual Aphasia
Examination)

Benton and Hamsher (1976)

Choice reaction time Pressing the appropriate button when a target appears on either the
left or the right side of fixation (average time to respond, in a Pos-
ner paradigm)

Finkelstien (1998)

Selective attention Pressing a button when a target appears in a continuous series mixed
with foils and in the presence of flanking distractors (false alarms
on a Continuous Performance Task)

Finkelstien (1998)

Verbal episodic memory Learning and recall of a word list (average no. of items recalled, on
learning and on 5-min– and 20-min–delay trials of California Ver-
bal Learning Test)

Delis et al. (1983)

Recall intrusions “Recall” of items not on the learning list (California Verbal Learning
Test)

Delis et al. (1983)

Semantic clustering Proximal recall of semantically related items on the learning list
(California Verbal Learning Test)

Delis et al. (1983)

Story memory Learning and recall of prose passages (Weschler Memory
Scale–Revised)

Russell (1975)

Visual episodic memory Learning and recall of complex visual objects (Weschler Memory
Scale–Revised–R)

Russell (1975)

Face recognition Recognition of previously presented faces in a continuous series with
foils

Gur et al. (1993)

Verbal knowledge and ability Defining words and solving verbal analogies (Vocabulary and Simi-
larities subtests of the WAIS-R)

Wechsler (1981)

Visuospatial ability Assembling blocks to match a presented pattern, and rapid substitu-
tion of series of digits with symbols (Block Design and Digit Sym-
bol subtests of WAIS-R)

Wechsler (1981)

Motor speed Rapidity of index-finger tapping (Tapping subtest of the Halstead-
Reitan Battery)

Reitan and Wolfson (1985)

Similarities, Block Design, and Digit Symbol subtests of
the Weschler Adult Intelligence Scale-Revised (WAIS-R
[Wechsler 1981]).

Statistical Analyses

The primary goals of the data analyses were (1) to
identify neurocognitive deficits that increase linearly
with genetic relationship to a proband, (2) to isolate
the nongenetic contributions to neurocognitive defi-
cits in patients with schizophrenia, and (3) to deter-
mine whether, on the test measures, co-twins show
significant resemblance commensurate with their ge-
netic relatedness.

1. The neuropsychological test data were analyzed for
association with genetic liability status (i.e., MZ co-
twins vs. DZ co-twins vs. controls), by means of ca-
nonical discriminant analysis. This approach derives the
combination of predictor variables that best discrimi-
nates among the different levels of the classification var-
iable, controlling for redundancy (i.e., intercorrelation)
in the predictors by evaluating their unique contribu-
tions to the discrimination. As an optimization proce-
dure, discriminant analysis is sensitive both to actual
group differences and to random variation that, by
chance, differs between groups. It is thus generally rec-
ommended that investigators split their samples into
halves, in order to estimate the replicability of findings.
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Table 2

Demographic Characteristics of the Four Comparison Groups

CO-TWINS

MEASURE

PATIENTS

( )N = 48
MZ

( )N = 18
DZ

( )N = 30
CONTROLS

( )N = 110 STATISTIC P

No. (%) of females 24 (50) 9 (50) 15 (50) 52 (47) x2 = .2 NS
No. (%) of left-/mixed-handed individuals 4 (8) 3 (17) 3 (10) 6 (6) x2 = 3.0 NS
No. (%) of substance disorders 11 (23) 3 (17) 3 (10) 5 (5) x2 = 12.6 .006
No. (%) of affective disorders 7 (15) 3 (17) 5 (17) 10 (9) x2 = 2.2 NS
Mean � SD age (years) 48.5 � 4.9 48.9 � 4.9 48.5 � 5.0 49.1 � 4.2 F = .3 NS
Mean � SD parental socioeconomic statusa 4.5 � 1.3 4.8 � 1.0 4.4 � 1.5 4.4 � 1.2 F = .7 NS
Mean � SD cohabitation (years) 19.6 � 3.4 20.7 � 2.9 18.9 � 3.6 20.5 � 4.3 F = 1.5 NS
Mean � SD educationb 2.9 � 1.6 2.8 � 1.7 3.7 � 1.7 4.2 � 1.6 F = 8.8 .01
Mean � SD overall IQc 87.8 � 15.6 97.1 � 17.1 99.8 � 17.4 107.4 � 12.6 F = 14.5 .0001

a Socioeconomic status on the Rauhala scale, reversed so that 1 = lowest and 9 = highest.
b Educational scale from SCID (Spitzer et al. 1989) interview.
c Estimated Full-Scale IQ based on prorated sum of Vocabulary, Similarities, Block Design, and Digit Symbol subtests of WAIS-R

(Wechsler 1981).

Although the sample sizes of co-twins of patients with
schizophrenia are too small to permit statistically mean-
ingful split-half analysis, the sample size of control twins
is sufficiently large for this purpose. We therefore ran-
domly sampled one control twin from each pair and used
that group as controls in a calibration analysis, and we
used the remaining control twins in a replication anal-
ysis. We also performed the analysis by using test data
averaged within pairs of control twins, such that all
control subjects were to some degree “represented” in
the same analysis. This approach also preserves the as-
sumption of independence of observations. Because
there were significant variance differences, on the test
measures, between the risk groups and controls (which
were accentuated by 5%–15% in the analysis using
within-pair averaged data), the within-class covariance
matrices were used instead of the pooled covariance ma-
trices (Cliff 1987). If two predictors share most of their
criterion-related variation, neither may show an inde-
pendent association with the criterion when both are
included in the prediction model simultaneously. We
therefore also repeated the analyses by using a stepwise
elimination algorithm, excluding, in successive steps,
predictors with insignificant ( ) contributions toP 1 .10
the discrimination. A standardized canonical variate
score was computed, representing the combination of
predictors that best discriminated liability status.

2. The nongenetic contributions to neurocognitive def-
icits in patients with schizophrenia were isolated by com-
puting the average patient minus co-twin differences
among discordant MZ pairs and evaluating these dif-
ferences for statistical deviation from zero by using the
matched-pair t-statistic. To reduce the chance of type I
error, the test measures used in these comparisons were
restricted to those which contributed uniquely to the
discrimination either of liability groups or of patients
with schizophrenia from (unrelated) control twins. The

latter measures were identified in canonical discriminant
analyses paralleling those described above in relation to
liability status. It is important to emphasize that neu-
rocognitive differences between patients and unrelated
controls can reflect both genetic and nongenetic sources
of variation—and therefore are of secondary importance
in this context.

3. Twin resemblance on the liability-related and dis-
ease-specific test measures was evaluated using the in-
traclass correlation coefficient (ICC). Genetic involve-
ment is supported when the ICC for a trait in MZ pairs
is significantly larger than that in DZ pairs. In most
contexts, the ICC of a trait in MZ pairs can be taken
as an index of its broad heritability (i.e., when both
additive and nonadditive genetic effects are taken into
account [Lynch and Walsh 1998]). Although, in relation
to the neurocognitive variables, it would be desirable to
derive separate estimates for additive and dominance
genetic effects as well as for unique and shared envi-
ronmental effects, testing for and quantifying the mag-
nitude of such effects requires sample sizes that are much
larger than those in the present study (Neale and Cardon
1992).

Results

Sample Characteristics and Tests of Bias

Table 2 gives demographic information on the patient,
MZ co-twin, DZ co-twin, and control groups. The
groups were equivalent in terms of age, gender, hand-
edness, duration of cohabitation, parental social class,
and current or lifetime recurrent affective disorder. Pa-
tients and MZ co-twins had significantly less educational
attainment than did DZ co-twins and controls, and pa-
tients and their co-twins had significantly lower overall
IQs than did controls. Overall IQ was highly correlated
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Table 3

Results of Canonical Discriminant Analyses of Neuropsychological Test Measures Predicting Liability Status

WHOLE SAMPLE

CALIBRATION SAMPLEa REPLICATION SAMPLEa All-Effects Model Large-Effects Model

VARIABLE Partial R2 Pb Weightc Partial R2 Pb Weightc Partial R2 Pb Weightc Partial R2 Pb Weightc

Verbal working memory .009 .66 .17 .004 .85 .11 .004 .82 .09
Spatial working memory .084 .02 .59 .041 .17 .44 .082 .03 .57 .087 .01 .53
Divided tion .097 .01 �.55 .076 .04 �.52 .118 .005 �.60 .115 .002 �.60
Sequencing .014 .55 .01 .011 .63 �.08 .015 .54 .05
Verbal fluency .005 .81 �.08 .011 .63 �.05 .008 .73 �.01
Categorization .010 .65 .18 .005 .81 .13 .006 .76 .13
Choice reaction time .058 .08 �.41 .041 .17 �.32 .062 .06 �.41 .054 .06 �.38
Selective attention .022 .39 .18 .002 .93 .06 .014 .55 .17
Verbal episodic memory .005 .82 �.06 .006 .78 .03 .012 .61 �.15
Recall intrusions .040 .18 �.42 .057 .08 �.49 .063 .06 �.51 .075 .02 �.49
Semantic clustering .016 .51 .31 .018 .46 .19 .031 .27 .36
Story memory .001 .94 .07 .011 .64 .05 .006 .79 .07
Visual episodic memory .029 .28 �.08 .004 .83 �.09 .013 .58 �.11
Face recognition .023 .38 �.07 .023 .38 �.21 .033 .25 �.24
Verbal ability .004 .85 .15 .019 .45 .36 .021 .41 .39
Spatial ability .007 .75 �.16 .007 .76 �.18 .014 .55 �.28
Motor speed .005 .82 .05 .007 .76 �.04 .004 .83 �.00

a Results are for all-effects models.
b Probability that the partial .2R = 0
c Standardized canonical weights.

with both educational attainment ( , )r = .56 P = .0001
and parental social class ( , ). Schizo-r = .20 P = .005
phrenia probands had a higher rate of substance-use
disorders than did the other three groups, who did not
differ from one another. The mean � SD age at onset
in the patient group was years; their mean25.3 � 6.1
� SD positive and negative symptom-severity scores
(i.e., on the SAPS and SANS global items) were 2.3 �

and , respectively.0.8 1.9 � 1.1
The studied probands were comparable to the re-

mainder of the discordant-twin proband population, in
terms of year of birth ( , ), sex ( 2t = �0.9 P = .34 x =298 1

, ), age at first hospital admission (1.5 P = .21 t =264

, ), number of hospital admissions (0.32 P = .74 t =298

, ), and eligibility for disability pension0.75 P = .45
( , ). Furthermore, studied MZ probands2x = 0.1 P = .711

were equivalent to studied DZ probands, in terms of age
at evaluation ( , ), sex ( ,2t = �0.6 P = .54 x = 0.0 P =46 1

), age at onset ( , ), positive-symp-.91 t = 0.91 P = .3446

tom severity ( , ), and negative-symptomt = 1.2 P = .2446

severity ( , ). Finally, probands from dis-t = 0.1 P = .9246

cordant pairs did not differ from probands from con-
cordant pairs, either in neuropsychological functioning
overall ( , ) or on any of the specificF = 0.6 P = .43(1,55)

measures ( in each case) or in severity of posi-P 1 .20
tive ( , ) or negative ( , )t = 0.2 P = .82 t = 1.3 P = .2355 55

symptoms.

Genetic Liability Status and Neuropsychological
Functioning

The results of the analyses predicting genetic liability
class are given in table 3; there was only minor variation

between the calibration, replication, and whole-sample
analyses. Our discussion of the results therefore focuses
on the whole-sample analyses, which should be most
broadly representative. The canonical correlation of the
17 cognitive test measures with liability status was highly
significant ( , , ), butR = .64 � .06 F = 1.97 P = .003(34,168)

only two measures contributed a significant proportion
of unique variance to the discrimination: spatial working
memory and divided attention. Along with choice re-
action time and recall intrusions, these two variables
were the only variables retained in the stepwise reduction
of the prediction model to large-effects–only terms, re-
sulting in a canonical correlation nearly identical to that
in the all-effects model ( , ,R = .59 � .06 F = 6.12(8,194)

).P = .0001
Figure 1 gives the frequency distribution of the stan-

dardized canonical variate scores, by risk group. All but
one of the MZ co-twins of patients with schizophrenia
have a negative score, and 78% have scores of �0.7 SD
units below the mean, compared with 27% of the DZ
co-twins and 10% of the control twins ( ,2x = 30.6

, ). The mean � standard error of thedf = 2 P = .001
mean (SEM) standardized canonical variate scores of
the MZ co-twin, DZ co-twin, and control groups were

, , and , respec-�1.61 � 0.25 �0.21 � 0.19 0.65 � 0.13
tively. In an analysis of variance (ANOVA) controlling
for overall IQ, age, gender, handedness, and substance-
use history, the linear decrease in scores with increasing
genetic loading for schizophrenia was highly significant
( , ), and each level of genetic riskF = 51.5 P = .0001(1,95)

differed significantly from the others (MZ co-twins vs.
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Figure 1 Frequency distribution (in %) of MZ co-twin (blackened bars), DZ co-twin (hatched bars), and control twin (unmarked
bars) groups, according to their standardized scores on the liability-related canonical neuropsychological variate. The canonical variate
represents the linear combination of neuropsychological scores that best discriminates among liability groups; the measures contributing
uniquely to the discrimination are (in order of magnitude) divided attention, spatial working memory, recall intrusions, and choice
reaction time. For statistical information, see table 3.

controls, , ; DZ co-twins vs. con-t = �7.3 P = .000172

trols, , ; MZ co-twins vs. DZ co-t = �2.9 P = .00384

twins, , ). This linear decrease in per-t = �4.6 P = .000247

formance with increasing genetic risk for schizophrenia
also was observed on each of the variables that contrib-
uted uniquely to the canonical discrimination: spatial
working memory ( ), divided attention (P = .0003 P =

), recall intrusions ( ), and choice reaction.0003 P = .005
time ( ).P = .05

In 5 (28%) of the 18 MZ and 2 (7%) of the 30 DZ
pairs discordant for schizophrenia, the co-twin met
criteria for a schizophrenia-related personality disorder
(schizotypal, paranoid, or schizoid; , ,2x = 4.1 df = 1

). When co-twins with schizophrenia-spec-P = .05
trum–disorder diagnoses were excluded, there continued
to be a linear effect of genetic liability class on the ca-
nonical variate scores , ), and each(F = 49.8 P = .0001(1,88)

risk group continued to differ significantly from the oth-
ers (MZ co-twins vs. controls, , ; DZt = �6.9 P = .000167

co-twins vs. controls, , ; and MZ co-t = �3.0 P = .00382

twins vs. DZ co-twins, , ). Further-t = �4.4 P = .000140

more, 77% of MZ co-twins and 29% of DZ co-twins
had canonical variate scores ��0.7, which continued
to be in excess of the corresponding rate of 10% in the
control group ( , , ).2x = 24.7 df = 2 P = .001

Nongenetic and Diagnosis-Related Effects

The results of the canonical discriminant analyses pre-
dicting schizophrenia diagnosis are given in table 4.
Again, the results showed only minor variations be-
tween the calibration, replication, and whole-sample
analyses, and we therefore focus our discussion on the
whole-sample analyses, which should be most represen-
tative. The canonical correlation of the 17 cognitive test
measures with presence versus absence of schizophrenia
was highly significant ( , ,R = .78 � .04 F = 7.88(17,85)

). Only one measure—visual episodic mem-P = .0001
ory—contributed a significant proportion of unique var-
iance to this discrimination, although several other mea-
sures bordered on significance. Visual episodic memory
was retained, along with spatial working memory, di-
vided attention, verbal episodic memory, and motor
speed, in the stepwise reduction of the prediction model
to large-effects–only terms, resulting in a canonical cor-
relation nearly identical to that in the all-effects model
( , , ).R = .76 � .04 F = 26.9 P = .0001(5,97)

Figure 2 gives a frequency distribution of the canonical
variate scores, by diagnostic group. All but three of the
patients with schizophrenia have a negative score, and
70% have scores �0.7 SD below the mean, compared
with none of the controls ( , , ).2x = 55.6 df = 1 P = .001
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Table 4

Results of Canonical Discriminant Analyses of Neuropsychological Test Measures Predicting Disease Status

WHOLE SAMPLE

CALIBRATION SAMPLE REPLICATION SAMPLE All-Effects Model Large-Effects Model

VARIABLE Partial R2 P Weight Partial R2 P Weight Partial R 2 P Weight Partial R2 P Weight

Verbal working memory .013 .29 �.21 .009 .38 �.17 .008 .39 �.17
Spatial working memory .047 .04 .38 .023 .15 .28 .040 .06 .37 .031 .08 .29
Divided attention .014 .27 �.17 .035 .08 �.28 .032 .09 �.26 .034 .06 �.26
Sequencing .013 .28 �.18 .002 .65 �.08 .003 .59 �.09
Verbal fluency .002 .67 .08 .009 .38 .17 .009 .37 .17
Categorization .004 .57 .09 .009 .36 .15 .004 .55 .10
Choice reaction time .013 .30 �.19 .010 .35 �.17 .014 .27 �.20
Selective attention .013 .29 �.17 .014 .27 �.18 .013 .28 �.18
Verbal episodic memory .017 .23 .39 .055 .02 .72 .028 .12 .53 .13 .0002 .71
Recall intrusions .000 .88 �.02 .015 .26 �.19 .004 .55 �.09
Semantic clustering .012 .32 .27 .009 .38 �.24 .000 .83 .07
Story memory .001 .79 .06 .007 .45 .20 .001 .73 .09
Visual episodic memory .063 .01 .68 .028 .12 .47 .046 .04 .62 .028 .09 .39
Face recognition .019 .21 �.26 .007 .44 �.16 .018 .21 �.26
Verbal ability .003 .62 �.11 .006 .47 �.19 .002 .68 �.10
Spatial ability .007 .43 �.19 .000 .82 �.07 .009 .36 �.26
Motor speed .022 .17 .29 .012 .32 .21 .017 .23 .26 .055 .02 .39

NOTE.—Data are as described in the footnotes to table 3.

The mean � SEM standardized canonical variate scores
of the patient and control groups were �1.33 � 0.17
and , respectively. In the ANOVA control-1.16 � 0.11
ling for overall IQ, age, gender, handedness, and sub-
stance-use history, the diagnostic difference was highly
significant ( , ). The diagnosis effectF = 68.6 P = .0001(1,96)

also was significant for each of the cognitive test vari-
ables that contributed uniquely to the canonical discrim-
ination: verbal episodic memory ( ), visual ep-P = .0001
isodic memory ( ), motor speed ( ),P = .0001 P = .003
divided attention ( ), and visuospatial workingP = .003
memory ( ).P = .03

Figure 3 plots the differences, in terms of mean �
SEM, between patients and their MZ co-twins, on both
the liability- and the disease-related test measures. Pa-
tients performed significantly worse than their own MZ
co-twins, on the disease-related canonical variate and,
at the univariate level, on verbal episodic memory, se-
mantic clustering, visual episodic memory, and overall
IQ, but they did not do so on either the liability-related
canonical variate or, at the univariate level, on spatial
working memory, divided attention, choice reaction
time, recall intrusions, or motor speed.

Intraclass Correlations

Table 5 shows the ICCs for the liability- and disease-
related measures in discordant and control pairs, by zy-
gosity. The twin correlation on the liability-related ca-
nonical variate is marginally to significantly greater
among MZ pairs than among DZ pairs, in both dis-
cordant and control twins, and the ICCs in MZ pairs

are comparable between discordant and control twins,
suggesting equivalent degrees of broad heritability. In
contrast, although, in control twins, the twin correlation
on the disease-related canonical variate was greater in
MZ pairs than in DZ pairs, this difference was not ob-
served in pairs discordant for schizophrenia, and the ICC
in MZ pairs was significantly lower in discordant than
in control twins, a result consistent with a reduction in
broad heritability in this canonical variate in discordant
pairs. In general, the pattern of findings at the univariate
level paralleled that at the level of the canonical varia-
bles, with variables having large liability-related canon-
ical weights showing greater MZ than DZ correlations,
in both discordant and control pairs, and with variables
having large disease-related canonical weights showing
reduced MZ correlations in discordant compared with
control pairs. Only in the case of recall intrusions was
the ICC significantly higher among discordant than
among control MZ pairs.

Discussion

Genetic Influences

In this study we have used a discordant-twin de-
sign to evaluate 17 different neuropsychological test
measures as endophenotypic indicators of genetic risk
for schizophrenia. Measures of four neurocognitive
functions—spatial working memory, divided attention,
choice reaction time, and recall intrusions—were inde-
pendently sensitive to genetic loading for schizophrenia
when all 17 measures were controlled simultaneously.
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Figure 2 Frequency distribution (in %) of the schizophrenia (blackened bars) and control (unblackened bars) groups, according
to their standardized scores on the disease-related canonical neuropsychological variate. The canonical variate represents the linear
combination of neuropsychological scores that best discriminates among diagnostic groups; the measures contributing uniquely to the
discrimination are (in order of magnitude) verbal episodic memory, visual episodic memory, motor speed, spatial working memory,
divided attention, and choice reaction time. For statistical information, see table 3.

These differences scaled linearly with degree of genetic
loading for schizophrenia, such that MZ co-twins were
significantly more impaired than were DZ co-twins,
who, in turn, were significantly more impaired than were
controls. Converging evidence of a genetic determina-
tion of these performance differences was provided by
a larger intrapair correlation, in MZ compared with DZ
pairs, on the combination of these measures, a pattern
that was also present, at the univariate level, on measures
of spatial working memory and recall intrusions.

Because there were no differences, in parental social
class or in duration of cohabitation, either between dis-
cordant and control pairs or between discordant MZ
and discordant DZ pairs, and because the liability-re-
lated differences in test performance were independent
of the effects of general ability level, differences in the
similarity of shared postnatal environmental experiences
do not appear to compete with a genetic explanation of
the neurocognitive deficits observed in the co-twins of
patients with schizophrenia. Factors associated with the
shared gestational and perinatal environment could play
a role, but, to compete with a genetic explanation of the
performance differences, obstetric complications would
have to be more frequent in histories of discordant MZ
pairs than in those of discordant DZ pairs, a pattern

that was not observed in relation to prenatal or perinatal
complications coded blindly from the original obstetric
records on approximately half the studied twin pairs (T.
D. Cannon, unpublished data).

There were no differences, in the rates of substance-
use–disorder or affective-disorder diagnoses, between
co-twins of patients with schizophrenia and control
twins, and the group differences in performance were
independent of the presence of these diagnoses. Thus,
we can rule out the possibility that the liability-related
differences in neuropsychological test performance are
due to an excess of nonspecific mental illness. However,
consistent with the results reported in previous work
(Kendler and Diehl 1993), schizophrenia-related per-
sonality disorders were significantly more prevalent in
the MZ co-twins than in the DZ co-twins of patients
with schizophrenia. In view of this pattern, it could be
argued that the neuropsychological differences be-
tween MZ and DZ co-twins are secondary to the man-
ifestation of schizophrenia-spectrum symptomatology,
rather than reflective of an inherited diathesis to it.
However, when co-twins with spectrum personality dis-
orders were excluded, the liability-related differences
in measures of spatial working memory, divided atten-
tion, choice reaction time, and recall intrusions re-



378 Am. J. Hum. Genet. 67:369–382, 2000

Figure 3 Mean � SEM differences between patients and their own MZ co-twins, with regard to the liability- and disease-related
measures. Canonical variates are in SD units; all other variables are in original units. * .P ! .05

mained significant. This result demonstrates that, with
regard to genetic liability status in relatives of patients
with schizophrenia, performance on these neuropsy-
chological tests is more sensitive than schizophrenia-
spectrum diagnostic categories.

Because, in demographic and clinical characteristics,
the studied probands from discordant MZ and DZ pairs
did not differ either from each other or from the re-
mainder of the discordant-twin proband population, we
also can rule out the possibility that the liability-related
differences in neuropsychological functioning are due to
an unusual clinical or demographic profile in the pro-
bands. Furthermore, there were no differences, in either
neuropsychological test performance or symptom sever-
ity, between probands from discordant pairs and those
from concordant pairs. Taken together, these results sug-
gest that the discordant pairs evaluated in the present
study adequately represent the degree and variety of ge-
netic predisposition to schizophrenia in the Finnish twin
population. Although Finland is a rather isolated gene
pool (de la Chapelle 1993), it has, for common diseases
such as schizophrenia, nearly the same genetic variation
as is seen in other populations (Terwilliger and Weiss
1988).

In view of evidence that lateral prefrontal (D’Esposito
et al. 1995) and frontal polar (Koechlin et al. 1999)
regions are critical for performance on working-memory

and divided-attention paradigms, respectively, and since
many of the cognitive operations involved in choice-
reaction-time paradigms (e.g., sustained attention, target
detection, and response selection) are associated with
frontal lobe functioning (e.g., see Posner and Petersen
1990; Corbetta et al. 1991), the present study’s findings
suggest that genetic liability to schizophrenia may im-
pact prefrontal cortical systems preferentially. This in-
terpretation is also supported by evidence that patients
with schizophrenia, as well as their siblings, show re-
duced gray matter in the frontal lobes, but not in pos-
terior cortical regions, compared with controls (Cannon
et al. 1998b). Genetic liability to schizophrenia was also
associated with a tendency to make recall intrusions
(and, to a lesser extent, to fail to cluster semanti-
cally related items together during recall) on a verbal
list–learning task. Although, in general, learning and re-
call of episodic information depend on medial temporal
lobe structures and adjacent temporal cortex (Squire and
Zola 1996), recall intrusions are not common in amnesia
secondary to temporal lobe damage but are character-
istic of amnestic syndromes associated with frontal lobe
lesions (Schacter et al. 1998). In addition, a number of
functional neuroimaging studies have found that epi-
sodic-memory retrieval is associated with activation of
prefrontal cortex (Buckner 1996). Taken together, these
considerations suggest that the deficits on verbal



Cannon et al.: Indicators of Liability to Schizophrenia 379

Table 5

ICCs on Liability- and Disease-Related Measures

VARIABLE

DISCORDANT PAIRS CONTROL PAIRS

tCMZ1DMZ
a

ICCDZ

(r � SE)
ICCMZ

(r � SE) t MZ1DZ

ICCDZ

(r � SE)
ICCMZ

(r � SE) tMZ1DZ

Liability canonical variate .18 � .18 .43 � .19* 1.31** .05 � .19 .62 � .12* 3.59* 1.05
Disease canonical variate .00 � .18 .11 � .23 .55 .30 � .18* .65 � .11* 2.23* 3.06*

Spatial working memory .16 � .18 .42 � .20* 1.31** .05 � .19 .40 � .16* 2.17* �.11
Divided attention .42 � .15* .32 � .21** �.51 .09 � .19 .26 � .18** 1.11** �.29
Choice reaction time .00 � .18 .02 � .24 .12 .00 � .19 .49 � .14* 3.08* 2.63*

Verbal episodic memory .00 � .18 .23 � .22 1.18** .58 � .13* .69 � .10* .72 2.57*

Recall intrusions .00 � .18 .64 � .14* 3.25* .14 � .19 .15 � .18 .05 �2.73*

Semantic clustering .03 � .18 .18 � .23 .78 .21 � .18** .43 � .15* 1.34** 1.36**

Visual episodic memory .09 � .18 .00 � .23 �.44 .01 � .19 .49 � .14* 2.98* 2.75*

Motor speed .17 � .18 .00 � .24 �.86 .27 � .18** .36 � .18* .55 2.02*

Overall IQ .17 � .18 .40 � .20* 1.20** .44 � .16* .79 � .07* 2.19* 2.17*

a CMZ = control MZ; DMZ = discordant MZ.
* .P ! .05
** .P ! .10

list–learning tasks in relatives of patients with schizo-
phrenia may be explained by an inherited disturbance
in prefrontal cortical circuits involved in memory re-
trieval.

It could be questioned whether specificity of the lia-
bility-related differences to working-memory, divided-
attention, choice-reaction-time, and episodic-memory–
retrieval paradigms results from differential reliability
and difficulty (i.e., true score variance) of the test mea-
sures employed (Chapman and Chapman 1989). Al-
though this possibility cannot be ruled out entirely, re-
liability estimates for the test measures that were and
were not independently correlated with genetic liability
to schizophrenia are roughly comparable (i.e., in the
.7–.8 range), as are estimates of the degree of variation
on these test measures in the control group. Further-
more, because, compared with controls, patients were
impaired on every measure at the univariate level, and
because there were moderate to large intrapair corre-
lations on all measures in control MZ pairs, the differ-
ential sensitivity of the neuropsychological test measures
to genetic loading for schizophrenia is not due to either
a lack of sensitivity of these measures to schizophrenia
or to a lack of heritable influence in the general popu-
lation. In any case, because the liability-related variance
on tests in other domains (e.g., categorization and se-
lective attention) was not independent of differences in
spatial working memory, divided attention, choice re-
action time, and episodic-memory retrieval, the marginal
utility of these other measures in genetic research on
schizophrenia can be questioned.

If different susceptibility loci for schizophrenia are ex-
pressed in a final common pathway in the nervous sys-
tem, covarying a cognitive indicator of this system
should remove the liability-related variation in cognitive

indicators of any related neural system. Contrary to this
prediction, in the present study the liability-related dif-
ferences in spatial working memory, divided attention,
choice reaction time, and episodic-memory retrieval
were independent of each other, as well as of deficits in
other abilities and in overall IQ, indicating that, in dif-
ferent subsets of co-twins, there were different profiles
of deficit on these measures. This pattern suggests that
at least partially distinct sets of susceptibility genes for
schizophrenia may contribute to variation in these do-
mains of neurocognitive functioning, an implication that
requires confirmation by admixture or segregation anal-
yses in a large sample of families with multiple members
affected with schizophrenia.

These findings should facilitate the search for sus-
ceptibility genes for schizophrenia, in at least two ma-
jor ways. First, specification of phenotypic affection,
based on degree of neurocognitive deficit, will allow
genetically liable but clinically unaffected relatives to
become informative for linkage and will enable linkage
analyses to search for genes that contribute to quan-
titative variation in disease liability. Second, assessment
of the neurocognitive profiles of patients and their rel-
atives will allow investigators to determine the degree
to which deficits in each functional domain are seg-
regating in each of the families under study, thus per-
mitting both data-driven specification of heterogeneity
parameters in whole-sample analyses and selection of
phenotypically more homogeneous groups of families
in subsample analyses.

Nongenetic and Disease-Specific Influences

The test measures that uniquely discriminated patients
with schizophrenia from controls include two—spatial
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working memory and divided attention—that uniquely
discriminated among genetic liability groups, but pa-
tients performed comparably to their own MZ co-twins
on these measures (as well as on the other measures that
contributed significantly to the liability contrast). Three
additional measures—verbal episodic memory, visual ep-
isodic memory, and motor speed—uniquely discrimi-
nated patients from controls, and, on two of these (i.e.,
the episodic-memory measures), patients performed sig-
nificantly worse than did their own MZ co-twins. Thus,
although patients’ deficits in spatial working memory,
divided attention, recall intrusions, and choice reaction
time appear to be accounted for completely by genetic
influences, nongenetic influences must contribute to their
deficits in verbal and visual episodic memory. Also sup-
porting this conclusion is evidence of significantly re-
duced heritability (i.e., lower MZ-twin correlation) on
the episodic-memory measures, but not on the liability-
related measures, in discordant compared with control
twins. Taken together, this pattern indicates that non-
genetic influences affect some neural systems that are
not affected by genetic predisposition to schizophrenia
and suggests that the nongenetic effects are particularly
pronounced in the verbal and visuospatial episodic-
memory systems.

The design of the present study does not allow us to
differentiate etiologically relevant nongenetic influences
from influences secondary to illness expression or treat-
ment. One reason to suspect that the nongenetic com-
ponent of verbal and visual episodic-memory deficits in
schizophrenia reflects an etiologic influence is that such
deficits appear in recent-onset patients prior to treatment
with antipsychotic drugs and do not progress beyond
the deterioration associated with normal aging (Cannon
et al. 1994; Saykin et al. 1994; Censits et al. 1997).
Downward social drift and comorbid substance use rep-
resent additional secondary influences that could ac-
count for the memory impairments in the patients. How-
ever, the schizophrenia-related differences on measures
of verbal and visual episodic-memory functioning per-
sisted after control for attained socioeconomic class
(whose influence was completely redundant with respect
to overall IQ) and substance-use history statistically
( and .0004, respectively) and were presentP = .0001
even after exclusion of subjects with a history of sub-
stance disorder (in both cases, ). Furthermore,P = .0001
anatomical changes in the medial temporal lobe struc-
tures that are critical for episodic-memory functioning
are more severe among patients with schizophrenia who
have a history of hypoxia-associated obstetric compli-
cations (Stefanis et al. 1999). In contrast, because an-
tidopaminergic drugs have marked effects on the extra-
pyramidal motor pathways (Gerlach 1991), the non-
genetic contribution to motor slowing in schizophrenia

could be accounted for fully or in part by exposure to
neuroleptic medications.

Given the comparability, in degree of deficit, between
patients and their own MZ co-twins, on measures of
spatial working memory, divided attention, choice re-
action time, and recall intrusions, such deficits may be
necessary but clearly are not sufficient for the manifes-
tation of schizophrenic symptomatology. Deficits on
tests of verbal and visual episodic learning and memory
are, however, greater in patients than in their MZ co-
twins. Thus, if the nongenetic component of episodic
learning and memory deficits in schizophrenia does not
reflect a secondary influence, such deficits may help to
elucidate the factors potentiating the formation of psy-
chotic symptoms among those who are genetically
predisposed.
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