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Objective: Various measures of neurocognitive function
show mean differences among individuals with schizophre-
nia (SZ), their relatives, and population controls. We use
eigenvector transformations that maximize heritability of
multiple neurocognitive measures, namely principal compo-
nents of heritability (PCH), and evaluate how they distrib-
ute in SZ families and controls. Methods: African-
Americans with SZ or schizoaffective disorder (SZA) (n 5
514), their relatives (n 5 1092), and adult controls (n 5
300) completed diagnostic interviews and computerized neu-
rocognitive tests. PCH were estimated from 9 neurocognitive
domains. Three PCH, PCH1–PCH3, were modeled to deter-
mine if status (SZ, relative, and control), other psychiatric
covariates, and education were significant predictors of
mean values. A small-scale linkage analysis was also con-
ducted in a subset of the sample. Results: PCH1, PCH2,
and PCH3 account for 72% of the genetic variance.
PCH1 represents 8 of 9 neurocognitive domains, is most
highly correlated with spatial processing and emotion recog-
nition, and has unadjusted heritability of 68%. The means for
PCH1 differ significantly among SZ, their relatives, and con-
trols. PCH2, orthogonal to PCH1, is most closely correlated
with working memory and has an unadjusted heritability of
45%. Mean PCH2 is different only between SZ families
and controls. PCH3 apparently represents a heritable compo-
nent of neurocognition similar across the 3 diagnostic groups.
No significant linkage evidence to PCH1–PCH3or individual
neurocognitive measures was discovered.Conclusions: PCH1
is highly heritable and genetically correlated with SZ. It

should prove useful in future genetic analyses. Mean
PCH2 differentiates SZ families and controls but not SZ
and unaffected family members.
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Introduction

The neurocognitive performance of individuals with
schizophrenia (SZ) is lower, on average, relative to the
general population1,2 and predicts prognosis and func-
tional outcome. Notably, biological relatives of SZ
patients, including psychiatrically healthy individuals,
also show diminished neurocognitive performance at
a mean level that is intermediate between SZ patients
and the general population.3,4 Thus, neurocognitive per-
formance is tied to liability to SZ.
We have analyzed a spectrum of neurocognitive dimen-

sions by using a Computerized Neurocognitive Battery
(CNB, also known as Penn CNB), which records accuracy
and response time5,6 in large-scale genetic studies. In
a Caucasian family-based SZ sample (Multiplex-Multi-
generationalGenetic Investigation,MGI),7 patients on av-
erage had significantly more deficits than controls in
measures of abstraction/mental flexibility and performed
substantially worse on measures of verbal memory, face
memory, spatial processing, and emotion identification.7
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Patients were also impaired in response time for these
domains. Relatives of these same SZ patients were, on av-
erage, impaired for accuracy of abstraction and spatial
processing and showed reduced speed for attention, face
memory, spatial processing, and sensorimotor function.
The magnitude of these impairments was smaller than
those observed among the patients. The heritability esti-
mates were significant for accuracy and speed estimates
for all the domains, ranging from 0.11 to 0.58.

Similar effects were observed in our study of African
American SZ families3 ascertained through the Project
Among African-Americans to Explore Risks for Schizo-
phrenia (PAARTNERS).8 Patients with SZ or schizoaf-
fective disorder (SZA) were less accurate and slower in
the same neurocognitive domains as the Caucasian
patients, although the effect sizes varied. For example,
PAARTNERS SZ subjects tended to have greater im-
pairment in accuracy measures of attention but less im-
pairment regarding accuracy for face memory. As in the
Caucasian sample, nonpsychotic relatives of the African-
American patients had, on average, intermediate levels of
performance compared with controls and patients.Meas-
urements of accuracy of all domains were heritable, and
the majority were greater than 0.30.

Two other large-scale studies obtained similar results,
the Consortium on the Genetics of Schizophrenia,9 which
also used the Penn CNB and a combined sample from the
UK and the US.4 These studies are consistent with the
literature that indicates substantial neurocognitive defi-
cits in SZ.10 Thus, the patterns of neurocognitive perfor-
mance in patients with SZ, their relatives, and controls
are not population specific. Moreover, with respect to eti-
ology, the overall pattern is consistent with pleiotropy;
genetic variation impacting multiple traits,11 in this
case liability for SZ and neurocognitive performance. In-
deed, latent class analyses of the UK/US sample estimate
that a substantial portion of the phenotypic correlation
between schizophrenia and cognition results from shared
genetic effects.4 Still, the genetic overlap between the di-
agnostic phenotype and cognitive traits is substantially
less than 100%.

Themultidimensional nature of these quantitative neu-
rocognitive measures presents some statistical challenges
because they are interrelated and thus correlated.7 One
way of reducing dimensionality is to determine classical
principal components of the correlated variables. Indeed,
principal components applied to highly correlated traits
will typically result in one or a few components that cap-
ture most of the phenotypic variation, each derived trait
being a linear combination of the individual traits. A
drawback to such an analysis is that these linear combi-
nations of traits need not have genetic relevance.12 An
alternative approach, namely principal components of
heritability (PCH), has direct relevance to genetic varia-
tion. This analysis takes into account both the family
structures and the distribution of the traits within fami-

lies. The analysis seeks one or more linear combination of
traits with maximum heritability. The first PCH, for ex-
ample, is the linear combination of traits that shows the
least within-family variance relative to its between-family
variance12–14; highly heritable traits, of course, show
large between-family variance. Thus, PCH offers another
and arguably sharper tool to investigate the pleiotropic
connections between SZ liability and neurocognition.
We use quantitative genetics to determine highly her-

itable composite dimensions of neurocognitive domains
from the Penn CNB and then evaluate the distribution
of these heritable dimensions or PCH in SZ subjects, their
relatives, and controls. We also evaluate the evidence for
pleiotropy between liability to SZ and neurocognitive
performance, as measured by PCH, in a somewhat differ-
ent way than Toulopoulou et al.4 The data analyzed are
a uniform set of neurocognitive variables from a large
African-American schizophrenia/schizoaffective family
sample. Adult controls drawn from the same communi-
ties are evaluated similarly. In addition to addressing the
nature of heritability, we also evaluate whether the PCH
differ among diagnostic groups and perform a small-scale
whole-genome linkage analysis using these PCH and the
original neurocognitive domains.

Methods

The multisite PAARTNERS study includes probands
with schizophrenia or schizoaffective disorder (SZ/
SZA), their relatives, and controls, recruited from South-
eastern and Eastern USA.3,8 We recruited probands and
their relatives in 1 of 3 family structures: trios, affected sib-
ling pairs, ormultiplex. Trio families included the proband
and either 2 parents or at least one additional sibling if
a parent was unavailable. Affected sib-pair (ASP) families
included the proband, parents, and at least one sibling
diagnosed with SZ/SZA depressed type. In trio and ASP
families,half-siblingscouldbesampled if theywerechildren
of a parent who did not participate. Multiplex families in-
cluded the proband and one or more affected first-degree
relatives and a minimum of 8 additional first- to fourth-
degree relatives.Wealso assessedhealthy community com-
parison subjects (CCS) from the same communities as the
probands. They were screened for the absence of personal
and family history of psychoses.3 All participants were
self-identified as African-American and completed diag-
nostic and cognitive assessments.All participants provided
written informedconsentusingprotocols approvedbyeach
site’s local Institutional Review Board.
Records of participants were for study inclusion criteria.

PAARTNERS used the Diagnostic Interview for Genetic
Studies with all participants. Interviewers incorporated
medical chart information and obtained information
from family members using the Family Interview for Ge-
netic Studies. This information was synthesized and
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consensus best estimate Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition, diagnosis assigned by
doctoral level clinicians.8

The Penn CNB for large-scale studies,3,15 was adminis-
tered using clickable icons on desktop or laptop computers,
allowing automated scoring. Administration time, includ-
ing rest, was approximately 120 minutes. The battery uses
14 tasks to assess 10 neurocognitive domains, measuring
accuracy (number of correct responses) and speed (re-
sponse time for correct answers, table 1). One domain
only evaluates speed. Because speed and accuracy are
highly correlated, our analyses use only accuracymeasures.
Scores from individual tests were transformed to approx-
imate normality using a Box-Cox transformation.16 Trans-
formed scores were normalized by the mean and SD from
the control group.
The genetic (familial) and residual covariance compo-

nents for the 9 neurocognitive domains were estimated si-
multaneously using a multiple trait mixed linear model.
This model included covariates for sex and age as well
as random effects for individuals and residuals. Kinships
among individuals were used to account for familial rela-
tionships among the people in the study. To estimate the
covariance components, we used the average information
algorithm for restrictedmaximum likelihood estimation.17

The estimated covariance components were then used to
determine a canonical transformation of the original do-
main scores.13,14 The canonical transformation is similar
to a principal component analysis in that it yields a set of
independent phenotypes; however, the canonical transfor-
mation maximizes the heritability in its main components
or PCH. All phenotypes, in this case 9 neurocognitive
domains, need to be known for PCH analysis. Missing
data for neurocognitive domains were imputed when at
least 7 of the 9 domains had an observation; individuals
missing 3 or more observations (n = 108 individuals)
were excluded from the analysis. For imputation, we
used cognitive domain scores adjusted for sex and age

(see online supplementary table 1 for adjustments) and
a prediction equation based on the phenotypic covariance
matrix (see online supplementary material for table 2).
Seventeen hundred and eight individuals had no missing
data; 364 weremissing one component; and 113weremiss-
ing 2. For detailed information on the distribution ofmiss-
ing observations across domains and evaluation of
performances, please see online supplementary table 3.
In brief, working memory had the greatest missingness
(n = 228), emotional distinction the least (n = 0), the im-
putation was largely unbiased, and the accuracy similar to
the error distribution of the data (see online supplemen-
tary material for table 4).
To identify predictors of estimated PCH, we first

sought to reduce the number of diagnostic categories. Be-
cause individuals with schizophrenia (SZ) and schizoaf-
fective disorder (SZA, depressed and bipolar types) did
not differ significantly from each other with respect to
mean cognitive phenotypes, these diagnoses were binned
into one group. This reduction allowed a simple encoding
of 3 mutually exclusive variables, each with binary out-
comes: SZ, which includes SZA for modeling purposes
(SZ/SZA); nonpsychotic relatives of an individual diag-
nosed with SZ/SZA (relative); and control individuals,
who have no symptoms of psychosis and no close relative
with SZ/SZA. Note that the binary encoding of any 2 of
these variables encodes the third. We chose to fit models
with a variable for SZ/SZA and relative. In this scheme,
the mean attributable to controls is identified by the
model mean. To capture other diagnoses of interest,
we included 2 other indicator variables: (1) the
‘‘mood’’ group encodes major depressive disorder, other
nonpsychotic mood related disorders, and a small num-
ber of bipolar I disorder cases (n = 23); (2) the ‘‘substance
use disorders’’ group encodes disorders related to alcohol
or substance abuse or dependence (n = 429). These latter 2
indicators could be ‘þ’ or ‘�‘ for an individual falling into
the mutually exclusive sets (SZ/SZA, a relative, or

Table 1. Tasks Used for Each of the Neurocognitive Domains Measured

Abbreviation Neurocognitive Domain Task

ABST Abstraction and mental flexibility Abstraction and Working Memory Task; Penn Conditional
Exclusion Test

ATTN Attention Penn Continuous Performance Test—Number and Letter
Version, Letter-n-back, 0-back condition

VMEM Verbal memory Penn List Learning Task, Computerized Penn Word
Memory Test

FMEM Face memory Penn Face Memory Test

SMEM Spatial memory Visual Object Learning Test

WMEM Working memory Letter-n-back, 1- and 2-back conditions

LANG Language Penn Verbal Reasoning Test
SPA Spatial processing Computerized Judgment of Line Orientation

EMOD Emotion processing Penn Emotion Recognition Test; Penn Emotion
Discrimination Task

SPRC Sensorimotor processing Computerized Finger-Tapping Task; Motor Praxis Test
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a control). We also included education (EDU) in these
models, which was nested separately within the 3 main
sample groups (SZ/SZA, relative, control).

Details of theDNAanalysis have been described in detail
elsewhere.18 Briefly, genotyping of the Illumina Linkage
Panel, consisting of 6008 Single Nucleotide Polymorphisms
(SNPs) having an average genetic distance between SNPs of
0.62 cM,was performed by theCenter for InheritedDisease
Research (http://www.cidr.jhmi.edu/). After quality control
edits, 5631 SNPs remained for linkage analysis, of which
4905 independent SNPs (r2 < .10) were selected using
Hclust software.19

We explored evidence for linkage for 3 PCH with sub-
stantial heritability as well as individual domains. Using
estimated degree of shared identity-by-descent (IBD) at
specific loci, the algorithm decomposes the total genetic
variance into a component proportional to the estimated

sharing IBD at that locus and the remainder of the genetic
variance. The relative value of these 2 components gages
the evidence linking a genetic variant with a cosegregating
trait. We used the software package MERLIN20 to deter-
mine the IBD values, which were then used within
SOLAR software21 to produce the linkage traces.

Results

The sample included 3536 individuals from 749 families.
Of these, 2288 individuals from 745 families completed
the Penn CNB. Heritability estimates for individual cog-
nitive domains, (defined in table 1), ranged from 16%
(63%) for ATTN to 54% (63%) for SPA, with SEs at ap-
proximately 3%. Estimated phenotypic correlations
among the neurocognitive domains were all positive
and ranged from a high of 0.55 (60.01) between

Table 2. Phenotypic and Genetic Correlations Between the Cognitive Domain Scores and the Principal Components of Heritability

PCH1 PCH2 PCH3

Domain Phenotypic Genetic Phenotypic Genetic Phenotypic Genetic

ABSTa 0.62 0.84 �0.13 �0.14 �0.25 �0.23
ATTN 0.21 0.43 0.33 0.55 0.13 0.19
VMEM 0.68 0.81 0.40 0.39 0.35 0.29
FMEM 0.56 0.72 0.44 0.46 0.26 0.23
SMEM 0.47 0.72 0.32 0.40 0.23 0.24
WMEM 0.35 0.46 0.64 0.69 �0.48 �0.44
LANG 0.58 0.76 0.19 0.20 �0.24 �0.22
SPA 0.84 0.94 �0.16 �0.15 �0.17 �0.13
EMOD 0.74 0.90 �0.07 �0.07 0.29 0.25

aFor description of domains, see table 1.

Table 3. Analysis of Principal Components of Heritability in Relation to Key Variables

PCH1 PCH2 PCH3

Beta Coefficient
(SE) P Value

Beta Coefficient
(SE) P Value

Beta Coefficient
(SE) P Value

Overall mean 0.91 (0.08) �0.46 (0.07) �0.09 (0.06)

Heritability 0.55 (0.05) 9.12 3 10�32 0.43 (0.05) 1.52 3 10�20 0.31 (0.05) 9.20 3 10�13

Covariates

Diagnostic categories

Schizophreniaa �1.14 (0.10) 2.51 3 10�31 �0.25 (0.08) 1.82 3 10�3 0.02 (0.07) 8.19 3 10�1

Nonpsychotic relatives �0.48 (0.09) 2.85 3 10�7 �0.16 (0.08) 3.93 3 10�2 0.11 (0.07) 1.24 3 10�1

Mood disordersb 0.13 (0.08) 1.32 3 10�1 0.01 (0.07) 8.50 3 10�1 �0.09 (0.07) 1.48 3 10�1

Substance related disordersc 0.16 (0.07) 2.66 3 10�2 �0.05 (0.06) 4.17 3 10�1 0.02 (0.06) 7.18 3 10�1

Nested education variables

EDUjschizophrenia 0.20 (0.02) 1.94 3 10�18 0.05 (0.02) 1.58 3 10�2 0.00 (0.02) 9.49 3 10�1

EDUjnonpsychotic relative 0.20 (0.02) 1.16 3 10�32 0.05 (0.01) 1.52 3 10�3 0.02 (0.01) 1.27 3 10�1

EDUjcontrol 0.25 (0.03) 3.44 3 10�17 0.09 (0.02) 3.64 3 10�4 �0.02 (0.02) 3.34 3 10�1

aIncludes schizophrenia and schizoaffective disorder.
bMajor depressive disorder, other nonpsychotic mood related disorders, and a small number of bipolar disorder 1 cases.
cAlcohol or illicit substance abuse or dependence.
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VMEM andFMEM to a low of 0.16 (60.01) between
ATTN and LANG.
Estimated genetic correlations among the traits (ie, for

2 traits, how much of their heritability is affected by the
same genetic variation) were in general higher than the
corresponding estimates of the phenotypic correlations.
Estimated genetic correlations ranged from 0.30 (60.08)
for ATTN and SPA to 0.80 (60.04) for SPA and
EMOD, with 27 of the 36 genetic correlation estimates
greater than 0.50 (see online supplementary material
for table 5).
The genetic and phenotypic correlations between

PCH1–PCH3 and individual neurocognitive domains
are listed in table2. While a total of 9 PCH were gener-
ated, PCH1, PCH2, and PCH3 accounted for 72% of the
total variation in the cognitive domains on the canonical
scale. Heritability estimates for the first 3 PCHwere 68%,
45%, and 33%, respectively (unadjusted for diagnostic
status and education.)
Weights to calculate the PCH from the cognitive

domains are given in online supplementary table 2.
PCH1 is essentially an average of 8 of the 9 neurocogni-
tive domains, with relatively low contribution from
ATTN. ATTN makes a more substantial contribution
to PCH2, where VMEM, FMEM, SMEM, WMEM,
and LANG also show strong representation. ABST,
SPA, and EMOD do not contribute substantially to
PCH2. Finally, the variation in ATTN, VMEM,
FMEM, and SMEM contribute to PCH3.
For PCH1, the mean neurocognitive performance of

control individuals was significantly higher (estimated
by the overall mean in the model, 0.91; table3) than indi-
viduals diagnosed with SZ/SZA (estimated effect
b = �1.14, P = 1.09 3 10�31) or nonpsychotic relatives
(b = �0.44, P = 2.85 3 10�7). Mood disorders had no sig-
nificant predictive value, while individuals using illicit
substances had slightly higher mean PCH1 (table 3.)
As anticipated, education was a highly significant predic-
tor of PCH1 over all diagnostic groups. Results for PCH2
and PCH3 were less easily interpreted. For PCH2, con-
trols had higher mean values than SZ/SZA and relatives,
who did not differ significantly in their mean values. For
PCH3, none of these 3 diagnostic classes differed signif-
icantly in their means. Consistent with results for PCH1,
education had a positive impact on the mean PCH2 for
all diagnostic groups. All other predictors for PCH2 and
PCH3 were nonsignificant.
For exploratory linkage analysis, we analyzed data

from 888 individuals in 212 families. No significant or sug-
gestive linkages were detected for any of the 3 PCH (see
online supplementary material for table 6). A log of odds
of 3.3 is a standard threshold for linkage on a quantitative
trait. It translates to a P value threshold of approximately
0.0001. For 3 PCH, after Bonferroni correction, the thresh-
old would be 0.00003. Correcting for additional multiple
testing yields a P value threshold of approximately

0.000003. Neither the PCH linkage traces nor the linkage
analysis of individual traits meet these criteria. This result
probably is attributable to the limited power of the sample.
In addition, while PCH maximize heritability, they do not
necessarily maximize power to detect a particular quanti-
tative trait locus or QTL. Indeed, PCH analysis could have
less power than analysis of an individual QTL, if the QTL
were more directly related to an individual neurocognitive
feature. After all, while quantitative genetic models assume
a large number of loci, each with small effect on a trait or
traits, the reality is that some loci have a major impact on
the variability of one or more traits. How this balance is
realized—whether the locus has a large effect on an indi-
vidual trait or on a linear combination of traits—will de-
termine whether linkage analysis of individual traits or
PCH is more powerful.12 Exploratory analysis using indi-
vidual domains yields some linkage signals of interest (see
online supplementary material for table 6), but none of the
results could be viewed as significant because of multiple
testing.

Discussion

The etiology of SZ remains enigmatic. Genetic factors
apparently underlie a substantial portion of risk, yet
only a small fraction of these factors have been identified.
New paradigms for understanding the etiology of SZ
could prove valuable. One potentially useful observation
is that individuals diagnosed with SZ, on average, show
diminished neurocognitive performance when compared
with controls samples, and a similar but more moderate
pattern occurs in their close relatives. In addition, evi-
dence from at risk children of SZ patients and prospective
studies indicate that these patterns exist prior to the
prodromal period.22–26 These patterns are also observed
for individual dimensions of cognition. As we show
here, they also emerge from a linear combination of these
dimensions that maximize heritability and especially the
PCH1. This pattern of diminished average neurocognitive
performance is consistent with genetic variation affecting
PCH1 trait values and liability to schizophrenia, a phe-
nomenon referred to as genetic correlation or pleiotropy.
To obtain an estimate of the genetic correlation be-

tween SZ and PCH1, we can use evolutionary theory
that defines the correlated response to selection.11 The
rationale for the calculation is straightforward. Family
members in our study were selected based on SZ status
of the proband. That close relatives of the proband are
at higher liability to SZ is well known27 and therefore,
selection for SZ liability occurs by sampling families
through affected probands. Estimates of the heritability
of SZ range from 40% to 80%.27 The nominal rate of SZ
in the population is roughly 1%, while the rate in family
members of probands ranges from 4% to 8%.27 This dif-
ference supplies the selection differential for the trait un-
der selection. Furthermore, it is reasonable to assume the

5
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phenotypic SD of SZ on the liability (or threshold) scale
is 1. We can estimate genetic correlation by using these
assumptions, as well as the formula for correlated
response to selection (see Falconer, equation 11.2),11

the estimated heritability of PCH1 from our study, h2

= 0.55, SD = 1.56 (after adjustment for diagnosis and ed-
ucation), and the fact that population controls scored
0.48 units higher, on average, than nonpsychotic family
members. Based on these observations, the estimated
genetic correlation between SZ liability and PCH1 is
�0.32 or �0.45, depending on whether we assume the
heritability of SZ is 0.4 or 0.8, respectively, and by assum-
ing the probability of a family member of an SZ proband
is also affected is 0.068.

Toulopoulou and colleagues4also estimated the genetic
correlation between SZ and neurocognitive function. To
do so, they compiled data sets from the UK and the US,
with the UK data set containing both monozygotic and
dizygotic twin pairs. All of the subjects from families, as
well as the control subjects, were assessed by various
measures of neurocognitive function, which were stan-
dardized across studies. Using sophisticated multivariate
path models, they were able to partition the variation in
liability to SZ and variation in neurocognitive function
into genetic, common environment, and residual compo-
nents, as well as estimate genetic correlations. Using
assumptions similar to our own, yet for different popu-
lations and modeling approaches, they obtained similar
point estimates in terms of heritability of neurocognitive
function (range 0.48–0.66) and genetic correlation be-
tween liability to SZ and neurocognitive function
(�0.34 to�0.50). Thus, Toulopoulou et al’s calculations,
as well as our own, underscore an important message em-
anating from all such family studies3,4,7,9—that there is
substantial genetic overlap between liability to SZ and
dimensions of normal neurocognitive function.

Quantitative genetic calculations, while theoretically ap-
pealing, lack the concreteness inherent in a mapping be-
tween specific genetic variants and their impact on both
SZ liability and neurocognitive function. Indeed, the basis
for most quantitative genetic theory is the infinitesimal
model, which assumes a very large number of independent
loci, each with very small effect. The reality for most hu-
man phenotypes is a mix of loci with small, modest, and
larger effects. At this time, 6 copy number variant or CNV
loci are known to affect both liability to SZ and neurocog-
nitive function. They fall at chromosomal locations
1q21.1,28 3q29,29 15q11,28,30 15q13.3,28,30 16p11.2,31 and
22q11.2.32

The most thoroughly studied of these CNVs occurs in
the 22q11.2 region, specifically the 22q11.2 deletion syn-
drome.32 Individuals carrying these deletions are at risk
for the velo-cardio-facial syndrome, schizophrenia, other
psychotic disorders, and diminished neurocognitive per-
formance. This deletion produces roughly 25-fold in-
creased risk for SZ over population prevalence. With

respect to neurocognitive performance, learning disabil-
ities are common and intellect ranges from just below av-
erage to mild intellectual disability.32 Because all but 10%
of the 22q11.2 deletions are de novo events and the phe-
notype is severe, the deletion itself is a poor candidate to
be amajor contributor to the subtle variation in neurocog-
nitive performance reported here. Still, inherited genetic
variation altering the function or expression of one or
more key 22q11.2 genes could produce subtler effects.
Of the other CNVs listed previously, only 3q29 dele-

tions29 have an impact on liability to SZ and neurocog-
nitive function similar to 22q11.2 deletions. All others
have substantially less impact on liability33and their im-
pact on neurocognitive function ranges from typically se-
vere (1q21.1) to modest (15q11). Of these CNVs, 15q11
deletions appear to increase liability to SZ the least33 with
an estimated 2- to 3-fold increased risk. These deletions
also have a modest impact on cognitive function34,35

epilepsy36 and behavior.
Regarding recent discoveries for more common var-

iants, their impact on cognitive function is undoubtedly
more subtle. For example, a single nucleotide polymor-
phism in gene ZNF804A, namely rs1344706, is associated
with risk for SZ. It impacts certain cognitive functions
according to recent studies but the functions vary by study
as does the population (case or control) in which it acts:
episodic and working memory in subjects with SZ but not
controls37; executive control of attention in a control pop-
ulation38; working memory, mediated by decoupling of
functional connectivity, in a control sample39; and visual
memory in SZ subjects but not controls.40

By definition PCH2 and PCH3 are less heritable than
PCH1. The mean value for PCH2 does not differ signif-
icantly between SZ and their relatives, although both
their means are smaller than controls (table3). The cor-
relations of individual cognitive domains for PCH2 are
quite distinct from those for PCH1 (table2), partly be-
cause PCH1 and PCH2 must be orthogonal. Assessed
as the absolute value of these correlations, however, spa-
tial processing and emotion recognition are most
strongly associated with PCH1, followed by verbal
memory and attention, whereas working memory is
most strongly correlated with PCH2, followed by face
and verbal memory (table2). For PCH3, means for all
3 diagnostic groups are statistically indistinguishable.
It apparently represents a heritable aspect of neurocog-
nition that is unrelated to SZ.
Using PCH, we identified 3 principal components that

have substantial heritability. PCH1 encompasses vari-
ability across all domains, but it is most heavily weighted
by abstraction, spatial processing, and emotion process-
ing. PCH1 represents general cognitive ability. PCH2 is
related to more specific cognitive domains including
working memory. No individual domains are outstand-
ing for PCH3. For PCH1, our results are consistent with
pleiotropic inheritance relevant to SZ, namely that there
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are shared genetic loci that determine the cognitive var-
iation inherent in PCH1 as well as risk for SZ. Other stud-
ies have generated data supporting this argument on the
basis of individual cognitive domains; we evaluate linear
combinations of domains that maximize heritability and
find that the conclusions remain unchanged. Hence,
while analysis of PCH derived from neurocognitive
domains cannot be guaranteed to be a more powerful
means of identifying risk loci for SZ, it does hold the
promise of making the effects of discovered loci more eas-
ily interpretable.

Supplementary Material

Supplementary material is available at http://schizophrenia
bulletin.oxfordjournals.org.
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