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Abstract

Objective: Different cognitive development histories in schizophrenia may reflect diverse
dimensions of genetic influence. Authors derived and characterized cognitive development
trajectory subgroups within a schizophrenia sample and profiled the subgroups across polygenic
scores (PGSs) for schizophrenia, cognition, educational attainment, and ADHD.

Method: Demographic, clinical, and genetic data were collected at NIMH for 540 schizophrenia
cases, 247 unaffected siblings and 844 controls. Cognitive trajectory subgroups were derived
through cluster analysis using estimates of premorbid and current 1Q. PGSs were generated using
standard methods. Associations were tested using general linear models and logistic regression.

Results: Cluster analyses identified 3 cognitive trajectory subgroups in the schizophrenia
cases: pre-adolescent cognitive impairment (19%), adolescent disruption of cognitive development
(44%), and cognitively stable adolescent development (37%). The four PGSs predicted 7.9%

of the variance in subgroup membership (AX?2[8]=43.83, p=6.10E-07). Subgroup characteristics
converged with genetics. Cognitively stable individuals had the best adult clinical outcomes and
only differed from controls on schizophrenia PGS. Those with adolescent disruption of cognitive
development showed the worst symptoms after diagnosis and had the highest schizophrenia PGS
and disadvantageous cognitive PGS. Individuals showing pre-adolescent impairment in cognitive
and academic performance and poor adult outcome exhibited a generalized PGS disadvantage
relative to controls and were the only subgroup to differ significantly on education and ADHD
PGSs.

Conclusions and Relevance: Subgroups derived based on patterns of premorbid and current
1Q showed different premorbid and clinical characteristics, which converged with broad genetic
profiles. Simultaneous analysis of multiple PGSs may contribute to clinical stratification in
schizophrenia.
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INTRODUCTION

Heterogeneity in schizophrenia and other psychotic disorders is a major challenge for
understanding relevant biology and developing new treatments. Differing trajectories of
development prior to illness onset are an important dimension of this heterogeneity(1),
reflecting poorly understood genetic and environmental influences(2,3), and yet predicting
some of the clinical, functional, and biological characteristics of affected adults(4,5).
Three developmental trajectory subtypes are frequently described: one including those
with lifelong history of impaired social, behavioral, and/or intellectual functioning and an
insidious progression toward psychatic illness; a second encompassing individuals with a
benign developmental course through adolescence followed by a relatively abrupt onset

of psychotic symptoms; and a third including individuals who experience a prominent
prodromal phase, beginning and progressing during adolescence before transitioning into
psychosis. These distinctions have been linked to important course, symptom and outcome
variables(6,7).

Cogpnitive ability has often served as a developmental marker in psychotic disorders.
Abundant research demonstrates histories of academic difficulties, attention disorders,

and cognitive testing differences in many children and adolescents who will later

develop schizophrenia(8-10), as well as relatively stable cognitive performance following
diagnosis(11). A strategy for using data from adu/t patients to identify distinct trajectories
of cognitive development takes advantage of well-studied patterns on two estimates of
intellectual ability: irregular word reading (e.g., the Wide Range Achievement Test [WRAT]
reading subtest(12)); and full scale 1Q (e.g., the Wechsler [WAIS] batteries(13)). These
measures are generally commensurate in healthy adults(14). However, many people with
schizophrenia diverge from the typical pattern, performing at near normal levels on word
reading, while showing marked impairment on full scale 1Q. This pattern is thought to
reflect the maturation and crystallization of word reading skill in advance of the typical time
frame for the onset of acute psychotic symptomatology — in contrast with the continuing
developmental sensitivity of the skills underlying full scale 1Q — and has prompted the use of
word reading scores from after diagnosis as proxies for “premorbid 1Q”.(14,15)

Variation in developmental history has been a target for data-driven subgrouping

methods, such as cluster analysis, which parse heterogeneous psychotic disorders samples
into subgroups that may be more biologically and behaviorally distinct and treatment-
relevant(6,16). In 117 schizophrenia cases, Weickert et al.(17) used cluster analysis to show
that current (WAIS) and premorbid (WRAT) IQ performance patterns distinguished three
subgroups: one with low premorbid and current 1Q suggestive of pre-adolescent cognitive
development issues; one with high premorbid and current IQ indicating a more stable
course of cognitive development; and one with high premorbid IQ but low current 1Q,
highlighting disruptions to cognitive development during adolescence, in particular. These
subgroups parallel the broad developmental trajectory subtypes described earlier, reflecting
distinct trajectories of cognitive development in schizophrenia (depicted schematically in
Figure 1A). In studies following Weickert et al., the premorbid/current 1Q subgrouping
strategy has proven replicable and shown associations with clinical course, symptom
profiles, and functional outcomes(18-21). Regarding biological substrates, recent studies
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have reported subgroup differences in intracranial and total brain volume(22,23). No studies
have examined the association of premorbid/current 1Q subgroups with genome-wide
polygenic scores (PGSs), which aggregate the effects of thousands of common genetic
markers on particular phenotypes(24,25).

Our main goals were to derive and characterize 1Q-based subgroups in a large schizophrenia
sample, testing the proposition that these subgroups reflect three distinct trajectories of
cognitive development, and to show contrasting profiles of genetic influence — represented
here by four PGSs — across the subgroups. Different PGS can be derived simultaneously in
a given sample using results from various genome-wide association studies (GWAS), thus
allowing the construction of profiles of influence across multiple genetic dimensions(25).
Given that our subgroups were defined by schizophrenia diagnosis and 1Q performance
patterns intended to reflect different trajectories of early cognitive development, we expected
differences in profiles of PGSs for schizophrenia, cognition, educational attainment,

and attention-deficit hyperactivity disorder (ADHD) that converged with our 1Q-based
subgrouping. We reasoned that symptom and outcome differences that have been reported in
earlier schizophrenia cognitive subgroups studies(18-21) might reflect, in part, differences
in underlying schizophrenia genetics. We reasoned further that PGS for ADHD, cognition,
and education would covary with current and premorbid 1Q.

METHODS

Participants

Our sample consisted of 746 individuals 18-60 years of age with DSM-1V schizophrenia
disorders (540 genotyped), studied at the NIMH Clinical Center between 1996 and

2016. Each subject was diagnosed by consensus between clinician evaluators using the
Structured Clinical Interview for DSM-IV Axis | Disorders(26) and available medical
records. Schizophrenia participants were stably treated. Full siblings with no psychotic
disorder history (N=370; limited to one per family; 247 genotyped) and community controls
(N=1525; 844 genotyped) served as comparison samples. Participants from all samples
were excluded if they had recent or extended past substance abuse history, serious medical,
neurological, or neurodevelopmental conditions, or if there was a current learning disorder
diagnosis (including dyslexia) or estimated WAIS 1Q below 65. All participants gave written
informed consent consistent with NIH IRB guidelines.

Assessment procedure

During a two-day assessment, participants provided demographic information, academic
history and challenges (e.g., reading or attention difficulties), vocational history, and blood
samples for genotyping. They completed a comprehensive neuropsychological battery

that yielded a composite index of general cognitive ability(27)(details in Supplementary
Methods). Main analyses focused on a four-subtest estimate of current WAIS 1Q(28) and,
to index premorbid 1Q, the irregular word-reading test from the WRAT(12). The same
clinicians who conducted SCID interviews rated participants on the Positive and Negative
Syndrome Scale (PANSS)(29), from which composite scores for negative, positive and
concrete/disorganized symptoms were derived(30).

Am J Psychiatry. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dickinson et al.

Page 4

Cluster analysis

Our hypothesis was that the three premorbid/current 1Q schizophrenia subgroups identified
in earlier studies would emerge from cluster analyses of WRAT and WAIS 1Q. To test

this, WRAT and WAIS performance data were analyzed for the full schizophrenia sample
using the TwoStep Cluster Analysis procedure in SPSS, version 24 (SPSS, Armonk, NY:
IBM Corp.; details in Supplementary Methods)(31,32). To reduce collinearity between the
two indicators (r=.50 in schizophrenia sample), we used their average ([WRAT + WAIS]/2)
and difference (WRAT — WAIS) (r=-.05) as input variables. Unsupervised clustering was
performed 1000 times, with random re-orderings, to determine the optimal number of
clusters. Results supported a three-cluster solution. Fifty additional analyses, each specifying
three clusters, were used to determine the assignment of individuals to subgroups. General
linear model (GLM), chi-square, logistic regression and Fisher’s LSD analyses were used to
compare groups and subgroups on demographic and clinical variables, controlling for age,
sex, and race.

Genotyping and PGS calculation and analysis

Genotypes were determined with Illumina Bead Chips (510K-2.5M SNP chips) (quality
control and other genotyping details in Supplementary Methods). The first 10 principal
components (PCs) of the whole genome data (PLINK version 1.90, https://www.cog-
genomics.org/plink/1.9) were derived for use as population stratification covariates. To
assess broad differences in subgroup genetics, we used GWAS summary statistics to
construct four sets of PGSs in our sample. Schizophrenia PGS were based on statistics

from the 2014 Psychiatric Genomics Consortium schizophrenia GWAS meta-analysis(33)
(36,573 schizophrenia cases, after excluding the present sample). Three other PGS sets were
based on more recent GWAS meta-analyses that did not include our sample (cognition based
on 78,308 individuals (34), educational attainmentbased on 1.1 million individuals(35), and
ADHD based on 20,183 individuals(36)). In order to match allele frequency variation in the
discovery GWAS samples, PGS analyses in the current sample were limited to participants
who clustered with HapMap3 CEU and TSI populations (i.e., Caucasians of European
descent). After the ancestry restriction, we calculated schizophrenia, cognitive, educational
attainment, and ADHD PGS for 540 people with schizophrenia, 247 of their unaffected

full siblings, and 844 controls. We derived each of the four PGS at 10 p-value thresholds
(ranging from P1<5x10E-08 to P1<1.0)(33). To concentrate the polygenic signal, the 10
scores were reduced to a single score through principal components analysis(37) (details in
Supplementary Methods and Results).

The cognitive development trajectory subgroup assignment for each of the 247 unaffected
siblings was carried over from his or her affected sibling, yielding parallel unaffected sibling
subgroups. Controls were not assigned to subgroups. Pearson correlations characterized

the bivariate associations between PGSs. All group-wise PGS analyses controlled for age,
sex and 10 ancestry-based, genomic principal components. Multinomial logistic regression
tested whether the four PGSs (entered together) predicted cognitive trajectory subgroup
membership based on the chi-square difference between the full model and a covariates-
only model without the PGSs. Effect size was estimated as the difference in Nagelkerke

RZ estimates for the two models. Separate GLM analyses tested whether PGSs for
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schizophrenia, cognition, education, and ADHD differed by subgroup, with partial eta? as
the effect size metric. Fisher’s LSD analyses were used for pairwise comparisons of PGSs
across diagnostic groups and across schizophrenia subgroups.

RESULTS

Overall Sample Characteristics

Table 1 (top) summarizes the characteristics of the 540 schizophrenia cases, 247 unaffected
siblings, and 844 community controls included in the genetics analyses after ancestry
restrictions. Mean age was in the lower 30’s for all groups. Relative to siblings and controls,
schizophrenia cases were more likely to be male, showed cognitive impairments exceeding
1.0SD on average, and had markedly worse educational performance, employment,

and global functioning. As a group, schizophrenia cases were chronic (mean illness
duration 12.3 years, SD=9.5), with moderately severe symptomatology (e.g., PANSS Total
mean=60.3, SD=20.9).

Clustering Based on WAIS and WRAT IQ Estimates

In 1000 unsupervised clustering runs, three-cluster solutions (56.1%) were the most
frequent result, followed by four- and six-cluster solutions (23.2% and 11.3%, respectively).
Subgroups emerging from the three-cluster solutions were consistent in size, individual
subgroup assignments, and mean 1Q indicator values. Across 50 further analyses, each
constrained to yield three clusters, agreement in assignments of individuals to subgroups
was high overall (kappa=.794) and by subgroup (kappas=.743-.857). Individuals were
assigned to the same subgroup in all 50 runs 53.3% of the time and in at least 30 runs
88.6% of the time. Descriptive statistics for the 540 schizophrenia cases who met ancestry
restrictions and had genotype information are shown in Table 1 (bottom). Descriptive
statistics for all 746 cases, without the ancestry restriction (Table S1), demonstrate that, apart
from race, the characteristics of the subgroups used in genetics analyses closely matched
those for the unrestricted subgroups.

Across the cluster analyses, 86 individuals (11.4%) were less consistently assigned than
others to a specific subgroup. Secondary, sensitivity analyses excluding these individuals
from the subgroups revealed only minor effects on study results (Supplementary Results,
Tables S4, Sb).

Cognitive trajectory subgroup characteristics and comparisons

Figure 1A shows commonly described trajectories of cognitive development schematically.
Figure 1B indicates how the subgroups derived through cluster analysis align with this
cognitive development trajectories scheme and, along with Table 1, shows the expected
patterns of premorbid (WRAT) and current (WAIS) 1Q scores across the three cognitive
trajectory subgroups. One subgroup of 198 cases (37%) had high mean scores on both of
these indicators (“cognitively stable”); a second subgroup of 105 cases (19%) had both low
premorbid and low current 1Qs (“pre-adolescent impairment”); and the third group included
193 cases (44%) with high premorbid but low current 1Q (“adolescent decline™).
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The subgroups also differed significantly on important cognitive, clinical and functional
variables not used in the clustering (detailed in Table 1 and Figures 2A—F). Those

in the cognitively stable subgroup showed markedly less general cognitive impairment
than the other subgroups, relatively low symptoms, more education, and higher levels of
employment. The adolescent decline subgroup had the highest levels of total and positive
PANSS symptoms, the lowest ratings of global functioning, and generalized cognitive
impairment. Members of the pre-adolescent impairment subgroup had the fewest years
of education, the highest rates of childhood learning difficulties, generalized cognitive
impairment, and low adult employment.

When the cognitive trajectory subgroup assignments were carried over from schizophrenia
cases to 247 of their unaffected siblings, the most prominent subgroup differences related

to academic and cognitive performance (Supplementary Results and Table S6). Siblings of
the cognitively stable schizophrenia cases had higher levels of education than siblings in

the other subgroups. The siblings of pre-adolescent impairment cases performed relatively
worse on WAIS, WRAT and general cognitive ability measures, while the cognitively stable
siblings performed best. Adolescent decline siblings performed at an intermediate level
relative to the other unaffected sibling subgroups. In general, the sibling findings conformed
to the differences found across the schizophrenia subgroups, but with reduced effect sizes.

PGSs across diagnostic groups

Unsurprisingly, the schizophrenia cases had the highest schizophrenia genetic risk, as
indexed by the schizophrenia PGS; the controls had the lowest, with unaffected siblings
intermediate (Table 1, Figure 3A). PGSs for cognition and education varied within a
narrower range. ADHD PGS did not differ across diagnostic groups. For all groups,
PGSs for cognition and education were moderately positively correlated and other PGS
correlations were quite modest (Supplementary Results, Table S2).

PGSs in cognitive trajectory subgroups

All PGSs differed significantly across the three cognitive trajectory subgroups, with modest
effect sizes (Table 1, Figure 3B) — and also differed in relation to controls (Table 2).
Multinomial logistic regression confirmed that PGS patterns across the four polygenic
scores significantly predicted cognitive trajectory subgroup membership (AX2[8]=43.83,
p=6.10E-07, ES=.079). Within the multi-PGS model, all the PGSs remained individually
significant except the cognition PGS, likely reflecting the previously reported association
of cognition and education PGSs (35) (additional details in Supplementary Results, Table
S2). Cognitively stable schizophrenia cases had somewhat elevated schizophrenia PGS but
were similar to controls across other PGSs, even showing a nominally significant advantage
in education PGS. They had advantageous cognitive PGS relative to the pre-adolescent
impairment and adolescent decline subgroups and advantageous educational attainment
PGS relative to the pre-adolescent impairment subgroup. The adolescent decline subgroup
had elevated schizophrenia PGS, which were significantly higher than scores for the
cognitively stable subgroup and controls, and unfavorable cognition PGS relative to the
same comparison groups. The pre-adolescent impairment subgroup showed consistently
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disadvantageous PGSs relative to controls. Importantly, this was the only subgroup with
significantly elevated ADHD PGS and significantly reduced educational attainment PGS.

PGS profiles in 247 unaffected siblings were generally similar to profiles in corresponding
subgroups of schizophrenia cases (compare Figures 3B and S2). As found in schizophrenia
cases, PGS profile significantly predicted sibling cognitive trajectory subgroup assignment
(AX2[8]=23.87, p=.002, ES=.093). While schizophrenia PGS and ADHD PGSs did not
differ by subgroup in siblings, for both cognition and educational attainment, the siblings
of the pre-adolescent impairment schizophrenia cases had significantly lower (i.e., more
disadvantageous) PGSs than those in the other sibling subgroups (Table S6, S7, and Figure
S2).

DISCUSSION

The goals of the current study were to use an 1Q-based strategy in a large and extensively
phenotyped schizophrenia sample to identify and characterize subgroups with different
pre-diagnosis trajectories of cognitive development, and to test whether the profiles of

four polygenic scores — separately summarizing the influence of common genetic variants
associated with schizophrenia, general cognition, educational attainment, and ADHD —
differed by subgroup. The resulting 1Q patterns and PGS profiles were consistent with
hypotheses and congruent in interesting ways. Cluster analysis based only on “premorbid”
(WRAT) and current (WAIS) 1Q strongly supported a three-subgroup model, similar

to earlier studies(18,20,21), with “cognitively stable”, “adolescent decline,” and “pre-
adolescent impairment” subgroups. Distinct cognitive, clinical and functional characteristics
across subgroups helped validate the guiding cognitive development trajectories framework.
Finally, profiles of the four PGSs showed a remarkable convergence with the developmental

framework and with subgroup characteristics.

For 37% of the sample, relatively strong performance on both the WRAT and the WAIS
suggested a stable cognitive development trajectory, with good early-life cognitive and
educational functioning and a more limited impact of emerging psychosis in these areas.
Subgroup clinical and functional characteristics in adulthood — beyond WRAT and WAIS
results — indicated that individuals in this subgroup had a milder course of illness with

low levels of schizophrenia symptomatology (particularly negative symptoms), a strong
advantage in general cognitive performance, and higher levels of employment than their
peers. The PGS profile for the cognitively stable subgroup was, likewise, relatively more
benign than the profiles for the other schizophrenia subgroups. Individuals in this group
were similar to controls on PGSs for cognition and ADHD. They showed a slight advantage
on education PGS, which might relate to a previously-reported and counter-intuitive positive
association between schizophrenia and education PGS.(35,38) These individuals were only
disadvantaged relative to controls on schizophrenia PGS.

For the adolescent decline subgroup, which accounted for 44% of the sample, the matrix
of findings was quite different. For these individuals, premorbid 1Q in the normal range,
combined with substantially impaired current 1Q, suggested a disruption of cognitive

development during adolescence, likely overlapping with psychosis prodrome and onset.
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IlIness course and outcome for this subgroup was unfavorable. As adults, in addition to
broadly impaired cognitive performance, adolescent decline subgroup members had the most
severe schizophrenia symptoms among the subgroups, especially positive symptoms, low
levels of employment, and the lowest Global Assessment of Functioning ratings. Those in
the adolescent decline group also showed a distinct and unfavorable PGS profile, with a
significant disadvantage in terms of schizophrenia and cognition PGSs relative to controls
and those in the cognitively stable subgroup.

The pre-adolescent impairment subgroup, comprising 19% of the sample, was also
distinctive. Substantial impairment in both WRAT and WAIS performance in this group
suggested early-life divergence from typical cognitive development. Supporting this
interpretation, the subgroup reported the highest rates of childhood learning problems and
the fewest years of education completed. These individuals also had globally impaired
cognition and low rates of employment in adulthood. Symptoms were intermediate relative
to the cognitively stable and adolescent decline subgroups. Individuals in the pre-adolescent
impairment subgroup showed a generalized profile of unfavorable PGSs across the four
phenotypes. They were at a significant disadvantage in all PGSs relative to controls, and

in all but schizophrenia PGS relative to the cognitively stable subgroup. It is particularly
striking in light of evidence of early-life cognitive and academic abnormalities, that this
was the only cognitive trajectory subgroup with robust disadvantages in both education and
ADHD PGSs, perhaps suggesting a distinct genetic etiology for this schizophrenia subgroup.

The PGS profile for each unaffected sibling subgroup was consistent with the profile

in the corresponding schizophrenia subgroup, although only the cognition and education
PGSs differed significantly across the sibling subgroups. As with the schizophrenia
subgroups, PGS profiles predicted sibling subgroup assignments, and sibling subgroup PGS
differences converged with differences in observed academic and cognitive performance.
This consistency of affected and unaffected sibling subgroup PGS profiles and associations
is further evidence of the importance of inherited polygenic factors in distinguishing the
cognitive trajectory subgroups.

Although cognitive impairment is common in schizophrenia, the extent of impairment —
and the trajectory of development leading to impairment — vary considerably. A literature
seeking to address this heterogeneity has proposed that developmental trajectory subgroups,
with distinct patterns of course and outcome, can be formed using estimates of premorbid
and current intellectual functioning.(17-21) Recent work has identified brain structure
differences across subgroups,(22,23) but genetic differences have not been examined. With
the completion in recent years of high quality GWAS for many common disorders and traits,
PGSs are becoming accessible research tools. Combined with the increasing availability of
large, comprehensively phenotyped and genotyped samples, PGSs have evolved rapidly as
clinical tools as well, now providing actionable information in conditions such as coronary
artery disease(39). Despite these promising developments, the clinical utility of PGSs in
psychiatry is less clear. The variance in diagnostic status explained by any single PGS is not
yet adequate to allow biologically informed diagnosis or helpful clinical stratification(2,3).
Among other factors, co-morbidities and pleiotropy in psychiatric disorders, and genetic
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correlations between the disorders and traits such as cognition and education, greatly
complicate the resolution of genetic influences and risk(38).

On the other hand, it is exactly these characteristics of psychiatric disorders that may make
simultaneous analysis of multiple PGSs a potent strategy for resolving developmental and
diagnostic heterogeneity(40). The present results offer support for this approach. The set

of PGSs included diagnosis-based (schizophrenia and ADHD) and trait-based (cognition
and education) PGSs, and both contributed to subgroup differentiation. Together, the

four PGSs predicted 7.9% of the variance in cognitive trajectory subgroup membership.
Although variance explained was relatively modest, employing a sef of PGSs was useful

as we shifted focus beyond simple case/control discrimination, toward the prediction of
important within-diagnosis differences — and we draw encouragement from the fact that we
accounted for within group variance at a level comparable to studies focused on between
groups variance.(33,36) Thus, in ways that parallel recent findings for depression onset,(40)
PGS profiles discriminated cognitive developmental trajectories in schizophrenia and were
clinically informative to a degree, showing association with facets of illness course and
outcome. To be clear, the present findings that four PGSs account for a modest proportion
of variance across cognitive development trajectories in schizophrenia do not provide a basis
for clinical stratification of new patients or individuals at risk of illness. However, this work
illustrates how multiple PGSs might contribute in the future to stratification that has not
been achievable in psychiatric disorders with single diagnosis PGSs.

Various limitations of the current work should be considered. Importantly, the samples are
small by the standards of genetics analyses and the findings await replication(24). Although
modest in size, the current sample offers a consistent ascertainment approach, comparison
samples, and extensive clinical, cognitive, and functional data, as well as genotypes, and
key statistical findings were robust. Another limitation involves the subgrouping approach.
Lacking detailed information about developmental history in each case, we employed a
proxy measure of “premorbid 1Q” as one cornerstone of our subgrouping, as others have
done(17), providing an estimate of cognitive performance in early adolescence, before the
onset of psychosis. Contrasting characteristics of the subgroups provided some validation
of the strategy but it would be preferable to analyze direct information about pre-diagnosis
developmental history(40).

The use of current methods for creating PGSs also involves certain limitations. Although it
is clear that psychiatric disorders involve both common and rare forms of genetic variation,
PGSs reflect only common genetic variants, missing important elements of the genetic
landscape(2). Further, PGS reflect small genetic effects across the genome and offer limited
traction for the investigation of specific biological mechanisms. Importantly, the various
GWAS on which current PGSs were based involved overwhelmingly Caucasian samples. We
restricted our analyses accordingly. The strategies employed here may not be available for
non-Caucasian samples until high quality GWAS in such samples are completed.

In conclusion, the findings of this study suggest that adult cognitive data can be used to
generate schizophrenia subgroups with distinct trajectories of cognitive development, and
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that these subgroups are characterized by quite different profiles of psychiatric, cognitive
and academic genetic influence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Schematic of cognitive trajectory subtypes and results of premorbid/current 1Q cluster
analyses in 540 people with schizophrenia

The schematic in Panel A depicts three commonly described trajectories of cognitive
development up to and through schizophrenia diagnosis: one (red) with evidence of early
cognitive impairment suggesting pre-adolescent developmental issues; one (blue) showing

a more stable course of cognitive development through adolescence despite emerging
psychosis; and one (gold) highlighting the adolescent time frame as a period of disrupted
cognitive development. The scatterplot in Panel B shows the clustering of 540 schizophrenia
cases on the basis of premorbid (WRAT, y-axis) and current 1Q (WAIS, x-axis) into
subgroups that align with the three cognitive trajectory subtypes depicted in Panel A

and with results from earlier studies(17): one (red) with evidence of early life cognitive
impairment (i.e., low WRAT or premorbid 1Q), as well as evidence of ongoing cognitive
impairment in adulthood (i.e., low WAIS or current 1Q); one (blue) with relatively better
early life cognitive performance (i.e., higher WRAT) and continued better performance in
adulthood (i.e., higher WAIS); and one (gold) with evidence of relatively good premorbid
cognitive performance (i.e., high WRAT), but accompanied in this subgroup by substantially
impaired adult performance (i.e., low WAIS).
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Figure 2: Behavioral characteristics across cognitive trajectory subgroups
“PANSS”, Positive and Negative Syndrome Scale. Bars represent 95% confidence intervals.

Statistical details are in Table 1. General cognitive ability (Panel A) is indexed by a
composite score from a comprehensive neuropsychological battery(27) (see Supplementary
Methods for additional information) — the cognitively stable subgroup shows relatively
mild general cognitive impairment compared to the other subgroups. The cognitively stable
group also completed the most education (Panel B), and the pre-adolescent impairment
subgroup the least, with the adolescent decline subgroup intermediate. The adolescent
decline subgroup was rated as having the highest levels of PANSS symptoms (Panel C)

and the lowest level of overall functioning (Panel D). The pie charts illustrate that the pre-
adolescent impairment subgroup included the highest proportion (47.6%) of individuals with
learning difficulties (e.g., remedial classes, repeated grades) (Panel E), and that individuals
in the cognitive stable subgroup were most likely to be employed (Panel F) at the time of
study participation (38.7%).
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Figure 3. Polygenic scores (PGSs) by diagnostic group (total N=1631) and by schizophrenia
cognitive trajectory subgroup (N=540)

Bars represent 95% confidence intervals. Statistical details are in Tables 1 and 2. The figures
depict the profiles of PGSs for the main diagnostic categories in our study (Panel A) and the
schizophrenia cognitive trajectory subgroups (Panel B). PGSs were derived in our samples
for schizophrenia (blue), cognition (red), educational attainment (green), and ADHD (gold).
It warrants emphasis that for schizophrenia and ADHD PGS, higher standardized scores
indicate higher disorder risk. For cognition and education PGSs, lower standardized scores
predict worse cognitive and academic performance. All PGSs were adjusted to account for
age, sex, and population stratification, and then standardized. We used control means and
SD’s to standardize the PGSs so that controls serve as the reference for differences in PGSs
across diagnostic categories and across cognitive trajectory subgroups.
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Table 1:
Descriptive statistics for PGS analysis samples, by diagnostic group (top) and schizophrenia subgroup
(bottom).
Diagnostic Schizophrenia Unaffected Community e ; Effect -
Group Cases (n=540) Siblings (n=247) | Controls (n=844) Statistic df P-value Size Pairwise
Mean/ SD/% Mean/ SD/% Mean/ SD/%
N N N

Demographics:

Age 34.1 10.1 35.2 10.2 311 9.7 F=25.0 1gé7 2.09E-11 0.03 SC=US>CC
Male 407 75.4% 117 47.4% 390 46.2% X2=114.4 2 7.11E-25 0.091 | SC>Us=CC
Caucasian 540 100.0% 247 100.0% 844 100.0% na na na - -
Family SES 52.9 11.8 53.4 12.2 51.6 11.9 F=3.7 1§é5 2.60E-02 0.007 | SC=Us>CC

Functioning:

Education _ 2,

vears 14.1 2.1 159 25 16.6 24 F=211.6 1616 2.44E-82 0.208 | SC<US<CC
Global 452 | 141 | 853 | 64 | 878 | 39 |[F=ss107|.% | <ooor | 0817 | sc<us<cc

Functioning 1572
Learning 2 :

Difficulties 166 30.7% 25 10.1% 160 19.0% X?=26.3 2 2.94E-07 0.028 | SC>CC>US
Current 165 | 305% | 209 | 845% | 533 | 795% | x2=3055 | 2 | 2.05E-69 | 0261 | Sc<us=cc

Employment ’ ' ’ ’ ’ ’

Cognition:

WAIS Full — 2,

Scale 1Q 92.0 114 106.4 10.8 109.3 9.2 F=517.1 1607 4.12E-174 | 0.392 | SC<US<CC
WRAT 1029 | 109 | 1062 | 105 | 1004 | 84 F=81.6 | .2, | 165634 | 0.002 | sc<us<cc

Reading 1614
Ger.@.ral * -1.0 0.7 -0.1 0.5 0.13 0.4 F=676.4 2, 1.96E-212 | 0.464 | SC<US<CC

Cognitiion 1565

Polygenic

Scores:

_ 2,

Schizophrenia 0.41 0.9 -0.01 0.9 -0.30 1.0 F=89.6 1616 1.23E-37 0.1 SC>US>CC
Cognition -0.04 1.0 -0.15 1.0 0.13 1.0 F=11.5 lgiﬁ 1.10E-05 0.014 | SC=Us<CC
Education 0.02 1.0 -0.1 1.0 0.06 1.0 F=4.2 lgiG 0.016 0.005 | US<SC=CC

_ 2,
ADHD 0.05 1.0 0.04 1.0 -0.04 1.0 F=2.1 1616 ns - -
. . Pre-Adolescent "
Schizophrenia . Adolescent Cognitively s ; Effect -
Subgroup Im(ﬁi'{gg;nt Decline (n=237) Stable (n=198) Statistic df P-value Size Pairwise
Mean/ SD/% Mean/ SD/% Mean/ SD/%
N N N

Demographics:

Age 324 8.4 323 9.9 37.1 10.6 F=13.9 5%6 1.00E-06 0.049 PI=AD<CS
Male 76 72.4% 187 78.9% 144 72.7% X2=2.1 2 ns - -
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Caucasian 105 | 100.0% | 237 | 100.0% | 198 | 100.0% na na na - -
Family SES | 49.2 10.6 52.4 12,6 55.2 10.6 F=7.4 3%2 7.16E-04 | 0.039 | PI<AD<CS
Functioning:
Education 13.3 1.9 13.8 2.0 14.8 22 F=16.2 2 | 148607 | 0057 | PicAD<CS
Years ) : ' ' ) : ’ 533 ’ ’
Global 456 | 117 | 421 | 133 | 487 | 153 F=9.8 2. | 6.90e-05 | 0.046 | PI=CS>AD
Functioning 515
Learning 2= N -
Diffieultios 50 47.6% 71 30.0% 44 222% | x2=155 | 2 | 436E-04 | 0.041 | PI>AD=CS
Currently 2 _
Employed 21 20.2% 67 28.4% 77 387% | x2=9.6 2 0.008 0025 | PI=AD<CS
Cognition:
WAIS Full _ 2, _
Scale 10 86.4 8.2 84.9 75 103.4 6.5 F=3555 | (g | 598E-99 [ 0571 | PI=AD<CS
WRAT 86.5 7.8 105.6 75 1083 6.8 F=3243 | 2 | 562693 | 0548 | PI<AD<CS
Reading 535
General
eneral, -15 06 -14 06 -05 05 F=1835 | 2. | 581E-61 | 0.415 | PI=AD<CS
Cognition 518
Clinical:
Duration of _ 2,
e 11.4 8 11.8 8.9 15 105 F=07 | g ns - -
On 0 0 0 2— N R
antipsychotics 103 | 98.1% | 203 | 926% | 180 | 90.7% | x2=558 | 2 ns
CPZE 651 427 611 413 531 357 F=3.6 427*4 0.029 0015 | PI=AD>CS
PANSS _ 2, s _
Total (30.210) | 592 19.4 64.1 212 55.1 20.1 F=71 | o5 | 93404 [ 0082 [ AD>PI=CS
Negative _ 2,
(6-42) 15.6 85 17.4 8.9 14.4 85 F=a2 | 4o 0.016 0018 | AD>cs
Positive _ 2, _
(4-28) 85 5.1 102 57 8.8 5.3 F=34 | 4% 0.035 0016 | PI=Ccs<AD
Disorganized 7.7 36 75 39 57 33 F=14.9 2| 530E-07 | 0.064 | PI=AD>CS
440
(3-21)
Polygenic
Scores:
_ 2,
schizophrenia | 042 1.0 057 0.9 0.22 1.0 F=45 | ¢ 0.001 0026 | AD>Cs
Cognition -0.28 0.9 -0.07 1.0 0.12 1.0 F=5.4 522’5 0.005 0.02 PI=AD<CS
Education -0.37 0.9 0.03 11 0.23 0.9 F=9.7 522‘5 7.20E-05 | 0.036 | PI<AD<CS
ADHD 0.35 1.0 -0.02 11 -0.02 1.0 F=5.1 522‘5 0.007 0019 | PI>AD=Cs

Analyses control for age and sex and, in analyses of polygenic scores, for 10 ancestry principal components. For pairwise analyses, significance

set at p<.05, after accounting for three comparisons. For continuous dependent variables, ‘effect size’ refers to partial eta2 from GLM analysis and,
for categorical dependent variables, to the difference in Nagelkerke R2 estimates between a covariates-only logistic regression model and a model
also including the independent variable of interest. *SC’, schizophrenia; ‘US’, unaffected sibling; ‘CC’, community control; ‘SES’, socio-economic
status; ‘PI’, pre-adolescent impairment; ‘AD’, adolescent decline; ‘CS” cognitively stable; ‘PANSS’, Positive and Negative Syndrome Scale;
‘CPZE’ chlorpromazine equivalents; ‘na’, not applicable; ‘ns’, not significant.
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*
“General Cognition’ is a composite of 25 cognitive variables based on earlier work. Details are provided in the Supplementary Methods.
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Table 2:

GLM results for contrasts of each polygenic score (PGS) in each cognitive trajectory subgroup with control
PGS

Cognitively Stable (n=198) Community Controls (n=844) | Statistic df P-value | Effect Size
Polygenic Scores: Mean sD Mean SD
Schizophrenia 0.22 1.0 -0.30 1.0 F=45.0 1,1012 | 3.26E-11 0.042
Cognition 0.12 1.0 0.13 1.0 F=0.1 1, 1012 ns -
Education 0.23 0.9 0.06 1.0 F=5.3 1, 1012 0.02 0.005
ADHD -0.02 1.0 -0.04 1.0 F=0.9 1, 1012 ns -
Adolescent Decline (n=237) Community Controls (n=844) | Statistic df P-value | Effect Size
Polygenic Scores: Mean SD Mean SD
Schizophrenia 0.57 0.9 -0.30 1.0 F=168.3 | 1,1067 | 7.66E-36 0.136
Cognition -0.08 1.0 0.13 1.0 F=8.2 1, 1067 0.004 0.008
Education 0.02 11 0.06 1.0 F=0.1 1, 1067 ns -
ADHD -0.02 11 -0.04 1.0 F=0.5 1, 1067 ns -
Pre—AdoIe?;irltongairment Community Controls (n=844) | Statistic df P-value | Effect Size
Polygenic Scores: Mean SD Mean SD
Schizophrenia 0.42 1.0 -0.30 1.0 F=52.6 1,935 | 8.62E-13 0.053
Cognition -0.28 0.9 0.13 1.0 F=18.6 1,935 | 1.80E-05 0.019
Education -0.37 0.9 0.06 1.0 F=17.8 1,935 | 2.70E-05 0.019
ADHD 0.35 1.0 -0.04 1.0 F=16.6 1,935 | 4.90E-05 0.017

All analyses control for age, sex, and 10 population stratification principal components. ‘ns’, not significant. ‘Effect size” refers to partial eta2 from
GLM analysis.
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