-

brought to you by .i CORE

View metadata, citation and similar papers at core.ac.uk

provided by edoc
Schizophrenia Bulletin
doi:10.1093/schbul/sbw098

Improving Prognostic Accuracy in Subjects at Clinical High Risk for Psychosis:
Systematic Review of Predictive Models and Meta-analytical Sequential Testing
Simulation

André Schmidt!*, Marco Cappucciati'?, Joaquim Radua'>*, Grazia Rutigliano'®, Matteo Rocchetti'?,
Liliana Dell’Osso®, Pierluigi Politi2, Stefan Borgwardt', Thomas Reilly!, Lucia Valmaggia', Philip McGuire'’, and
Paolo Fusar-Poli'’

'"Department of Psychosis Studies PO63, Institute of Psychiatry, Psychology and Neuroscience, King’s College London, London, UK;
2Department of Brain and Behavioral Sciences, University of Pavia, Pavia, Ttaly; ’FIDMAG Germanes Hospitalaries, CIBERSAM,
Barcelona, Spain; “Department of Clinical Neuroscience, Karolinska Institutet, Stockholm, Sweden; ‘Department of Clinical and
Experimental Medicine, University of Pisa, Pisa, Italy; ‘Department of Psychiatry, University of Basel, Basel, Switzerland; "7OASIS

Team, South London and the Maudsley NHS Foundation Trust, London, UK

*To whom correspondence should be addressed; Department of Psychosis Studies PO63, Institute of Psychiatry, Psychology and
Neuroscience, King’s College London, De Crespigny Park, SES8AF London, UK; tel: +44-077-8666-6570, fax: +44-020-7848-0976,

e-mail: andre.schmidt@kcl.ac.uk

Discriminating subjects at clinical high risk (CHR) for
psychosis who will develop psychosis from those who will
not is a prerequisite for preventive treatments. However, it
is not yet possible to make any personalized prediction of
psychosis onset relying only on the initial clinical baseline
assessment. Here, we first present a systematic review of
prognostic accuracy parameters of predictive modeling
studies using clinical, biological, neurocognitive, environ-
mental, and combinations of predictors. In a second step, we
performed statistical simulations to test different probabi-
listic sequential 3-stage testing strategies aimed at improv-
ing prognostic accuracy on top of the clinical baseline
assessment. The systematic review revealed that the best
environmental predictive model yielded a modest positive
predictive value (PPV) (63%). Conversely, the best predic-
tive models in other domains (clinical, biological, neurocog-
nitive, and combined models) yielded PPVs of above 82%.
Using only data from validated models, 3-stage simulations
showed that the highest PPV was achieved by sequentially
using a combined (clinical + electroencephalography), then
structural magnetic resonance imaging and then a blood
markers model. Specifically, PPV was estimated to be 98%
(number needed to treat, NNT = 2) for an individual with
3 positive sequential tests, 71%-82% (NNT = 3) with 2
positive tests, 12%-21% (NNT = 11-18) with 1 positive
test, and 1% (NNT = 219) for an individual with no positive
tests. This work suggests that sequentially testing CHR
subjects with predictive models across multiple domains
may substantially improve psychosis prediction following

the initial CHR assessment. Multistage sequential testing
may allow individual risk stratification of CHR individuals
and optimize the prediction of psychosis.

Key words: psychosis/clinical high-risk/prediction/prognostic
accuracy/treatment prognosis/early interventions

Introduction

In the last 2 decades, a new research paradigm has sup-
ported the development of preventive interventions in
individuals at clinical high risk (CHR) for psychosis.!
Preventive intervention in CHR individuals for psychosis
has unique and unprecedented potential in the history of
psychiatry to alter the course of disabling illnesses such
as schizophrenia (see meta-analyses of effective treat-
ments in CHR individuals®?).

Effective preventive interventions for CHR indi-
viduals are limited by the ability to prognosticate
psychosis onset from an initial CHR state. CHR psy-
chometric instruments have excellent prognostic prop-
erties (AUC = 0.90),* which is comparable to other
preventive approaches in medicine.” However, excel-
lent prognostic performances are mainly mediated by
an outstanding ability of the CHR instruments to rule
out psychosis, ie, very low negative likelihood ratios
and high sensitivity (SE), at an expense of their abil-
ity to rule in psychosis, ie, unsatisfactorily low positive
likelihood ratios and only moderate overall specificity
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(SP).* Specifically, the initial CHR testing can increase
the probability of detecting risk of developing psy-
chosis in subjects referred to high-risk services from
15% (pre-test risk) at approximately 3 years* to a 26%
probability of psychosis onset (post-test risk),* mostly
toward schizophrenia spectrum psychoses® (for further
details on pre- and post-test concepts please see Fusar-
Poli et al”®). Consequently, there is a need to improve
the ability to rule in heightened risk of subsequent psy-
chosis, while preserving the outstanding ability to rule
it out.* Improved prediction would facilitate personal-
ized interventions and minimize either unnecessary
treatment (for the false positives) or lack of treatment
(for the false negatives). To improve the limited positive
predictive values (PPVs) delivered by psychopathology-
based classifications associated with CHR instruments,’
models with biological, neurocognitive or environmen-
tal data have been developed. In fact, the use of predic-
tive models'® along with sequential multistage testing'!
is common practice in preventive medicine to improve
prognostic discrimination between individuals who will
develop a certain condition and those who will not.

This study first presents a systematic review of predic-
tive models used to improve prediction of psychosis onset
in CHR. We systematically reviewed prognostic accuracy
metrics (SE, SP, PPV, negative predictive value (NPV),
for details see Fusar-Poli et al’) across clinical, biologi-
cal, neurocognitive, environmental, and combined pre-
dictive models. In a second step, we sought to investigate
the potential clinical utility of sequential 3-stage testing
following an initial CHR assessment. We employed meta-
analytical simulation analyses across different combina-
tions of models and critically discussed the findings in
light of risk stratification approaches.!?

Methods

Search Strategy and Selection Criteria

A systematic search strategy identified relevant articles.
Three investigators (MC, GR, AS) conducted a 2-step
literature search. At a first step, the Web of Knowledge
database by Thomson Reuters was searched, incorporat-
ing both the Web of Science and MEDLINE. The search
was extended until October 2015. We used several combi-
nations of the following keywords: “at risk mental state,”
“psychosis risk,” “prodrome,” “prodromal psychosis,”
“high risk,” “prognostic accuracy,” “sensitivity,” “speci-
ficity,” “psychosis prediction,” “psychosis onset,” and the
name of each CHR assessment instrument. The second
step involved using Scopus to search citations of previ-
ous systematic reviews on transition outcomes in CHR
subjects and a manually searching the reference lists of
retrieved articles. Articles identified through these 2 steps
were then screened for the selection criteria on basis of
abstract. The articles with potentially relevant abstracts
were retrieved and assessed for eligibility.
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Studies were included if the following criteria were
fulfilled: (@) original articles, written in English; (b)
inclusion of CHR subjects (ie, presence of attenuated
psychosis symptoms [APS] or genetic risk and deteriora-
tion syndrome [GRD] or brief limited and intermittent
psychotic symptoms [BLIPS] or brief intermittent psy-
chosis syndrome [BIPS] or basic symptoms) according to
international standard criteria'; (¢) inclusion of clinical,
biological, neurocognitive, environmental, or combina-
tions of predictors to distinguish CHR individuals who
later developed psychosis from those who did not; (d)
inclusion of appropriate predictive models, algorithms,
or learning systems to predict the probability of transi-
tion to psychosis, such as regression (logistic, Cox pro-
portional hazard model, least absolute shrinkage, and
selection operator), support vector machines or greedy
algorithms."*'¢ Exclusion criteria were: (a) abstracts,
pilot datasets, reviews, articles in languages other than
English; (b) inappropriate statistics (ie, use of mean dif-
ferences or chi square tests); (¢) studies testing the prog-
nostic accuracy of the baseline CHR assessment as
predictor (previously reviewed in Fusar-Poli et al*) (d)
articles with overlapping datasets using the same predic-
tor. Specifically, in case of multiple publications deriving
from the same study population, we selected the articles
reporting the largest, most recent data set. The search
results were summarized according to the PRISMA
guidelines'’ (figure 1).

Recorded Variables

Data extraction was independently performed by 3 inves-
tigators (MC, GR, AS). The following variables were
recorded from each article: author, year of publication,
demographic characteristics of the CHR sample, predic-
tor domain (clinical, biological, neurocognitive, environ-
mental, combinations), cut-off of predictive variables,
use of validation, type of CHR diagnostic instrument
used, exposure to antipsychotics, follow-up time, predic-
tive model and prognostic accuracy data (SE, SP, PPV,
NPV). When prognostic accuracy data were not directly
presented they were indirectly extracted from associated
measures if possible. Additionally, we contacted all the
corresponding authors to provide additional data when
needed.

Meta-analytical Sequential Testing Simulations

Models Selection. Using statistical probabilistic simula-
tions based on Bayes’theorem,'® we estimated the theoreti-
cal PPV of a sequential 3-stage testing following the initial
CHR assessment. Such testing included different combina-
tions of 3 predictive models (eg, electroencephalography/
clinical, magnetic resonance imaging, and blood mark-
ers). We restricted the simulations to 3 tests because more
tests would be practically infeasible in clinical practice.
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Fig. 1. PRISMA flow chart.

Validation is of paramount importance if the estimation
of the PPV has to work satisfactorily for individuals other
than those from whose data the model was derived.'>?
Therefore, we limited the potential combinations of tests
to studies that had performed a validation of their models.
Also, we did not mix together models that used the same
type of predictive parameters, eg, we did not simulate com-
binations in which 2 of the assessments involved EEG.

Procedure. See online supplementary methods 1 for
mathematical details of these analyses, which were con-
ducted using R software.’! Briefly, we simulated that an
individual would first have a CHR baseline assessment,
which would convert the “pre-CHR assessment prob-
ability of transition to psychosis” into a “post-CHR
assessment probability of transition to psychosis”.” The
value of the latter would depend on the former, on the
SE and SP of the CHR assessment, and on the result of
the CHR assessment.* If the CHR assessment was posi-
tive, the individual would then undergo a second test (eg,
a structural MRI) which would convert the “post-CHR
assessment/pre-MRI probability of transition to psycho-
sis” into a “post-MRI probability of transition to psy-
chosis.” Again, the value of the latter would depend on
the former, on the SE and SP of the MRI test, and on the

reported: (n=31)

Not enough data reported:
(n=4)

Overlapping datasets (n=5)

result of the MRI assessment. These steps were repeated
for each of the 3-stage tests.

Following this strategy, we obtained probabilistic
3-stage sequential testing diagrams such as the one shown
in figure 2, in which the x-axis shows the sequential tests
and the y-axis the probability of transition to psychosis
before and after knowing the results of each of the tests.
Each bifurcation in the plot represents the update in the
probability of transition to psychosis after knowing that
the test yielded a positive result (ascending solid line)
or after knowing that the test yielded a negative result
(descending dashed line).

We focused on the combination that yielded the best
PPV, as this would be the one to be further validated and
potentially applied in clinical practice* (see online supple-
mentary methods 2 for details). However, in order to pro-
vide the whole range of results from this simulation work,
we also present the following less advantageous scenarios.

Firstly, we reported the poorer global PPVs of all other
combinations of tests. Secondly, we estimated the lower
limit of the 95% confidence interval of the global PPV.
This global interval combined the confidence interval of
the pre-CHR assessment probability to transition,* plus
the 4 confidence intervals associated to the CHR assess-
ment and the 3 subsequent tests.
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Three-stage sequential testing
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Fig. 2. Probabilistic risk assessment diagram illustrating the 3-stage sequential testing of the best combination of complementary

tests identified by our simulation analyses: step 1: EEG + clinical test,?® step 2: structural MRI test,” and step 3: blood markers test.>*
The x-axis shows the 3 sequential tests following the initial clinical high-risk assessment and the y-axis the probability of transition to
psychosis during 36 months of follow-up, before and after knowing the results of each test. Each bifurcation in the plot represents the
update in the probability of transition to psychosis after knowing that the test yielded a positive result (ascending solid line) or after
knowing that the test yielded a negative result (descending dashed line). The color of the lines reflects the level of risk for psychosis as
previously suggested'®: high (in red) when the probability of transition to psychosis (PT) was >80%, medium when PT was 20%-80% and
low (in green) when PT was <20%; we further subdivided medium in medium-high (in orange, when PT was between 70% and 80%) and
medium-low (in brown, when PT was 20%-30%). The diagram also illustrates the number needed to treat (NNT) at each node.

Thirdly, we recalculated the global PPV assuming a
degree of correlation between the tests, so that the SE and
SP of a test would depend on the results of the previous
tests, decreasing the contribution of the test to the global
PPV. For example, we assumed that among individuals
who will have a psychotic episode, those with a positive
CHR assessment are more likely to have a positive MRI
test.

Impact of CHR Subgroups. Finally, we repeated the
simulation for different CHR subgroups. Given that
the BLIPS/BIPS shows the highest risk of transition to
psychosis, which is comparable to other brief psychotic
disorders coded in international manuals,” the GRD the
lowest risk and the APS an intermediate risk,?® we con-
ducted a separate analysis to test the impact of the CHR
subgroup on the final prognostic accuracy.

Theoretical Clinical Effectiveness of 3-Stage Sequential
Testing. We further assessed the theoretical clinical
effectiveness of 3-stage sequential testing by estimating
the number needed to treat (NNT) at each node, assum-
ing a risk ratio for preventative treatments of 0.54 as
reported in previous meta-analysis of RCTs in CHR
patients.’
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Results

Selection of Studies

The electronic and manual searches returned 1300 stud-
ies. After the screening of abstracts 112 full articles were
retrieved for further evaluation (figure 1). Twenty-five of
them met the inclusion criteria; 10 studies using clinical
predictive models, 5 studies using biological models, 5
studies using neurocognitive models, 5 studies using envi-
ronmental models, and 8 studies using combinations of
predictive models across different domains. The details of
the included studies are reported in table 1.

Clinical Predictive Models

The 10 studies testing prognostic accuracy of clinical
predictive models are shown in table 2. These tested a
wide range of clinical parameters including specific posi-
tive,27:31:32.38.40.4246, negative?*2¥® and basic symptoms,* a
decline in social and global functioning?-!364¢ and the
Strauss and Carpenter Prognostic Scale.”’

The highest PPV of 86% was achieved by using a model
including measures of odd beliefs, marked impairment in
role functioning, blunted affect, auditory hallucinations,
and anhedonia/asociality.?’” This model yielded an SE of
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84%, SP of 86%, and NPV of 84%. None of the clinical
predictive models have been validated.

Biological Predictive Models

Five studies tested the prognostic accuracy of biological
predictive models (table 2). The tested models referred to
measures of gray matter volume,? electrophysiological
markers,®*4” and blood analytes.>*

The highest PPV of 83% was achieved using gray matter
volumes as the predictive variable, which produced an SE
of 76%, SP of 85%, and NPV of 78%.% This** and 2 other
biological predictive models***” have been cross-validated.

Neurocognitive Predictive Models

Five studies tested the prognostic accuracy of cognitive
predictive models (table 2). Cognitive predictive models
included measurements of 1Q,*324 yerbal memory,**
executive functioning,® attention,* processing speed,*
and speech perception.?

Including verbal and executive functioning in the pre-
dictive model, the highest PPV of 83% could be achieved
accompanied with an SE of 75%, SP of 80%, and NPV of
71%.% Only this model*® has been validated in this domain.

Environmental Predictive Models

The prognostic accuracy of environmental predictive
models was tested in 5 studies (table 2). These predic-
tive models comprised substance abuse,*'** unemploy-
ment,* urbanicity,* social-sexual aspects,* and social
maladjustments,’3

The highest PPV (63%) was produced by combining
measures of urbanicity, social-sexual aspects, and social-
personal adjustment, a predictive model that revealed an
SE value of 63%, SP of 88%, and NPV of 88%.3 None of
the environmental predictive models have been validated.

Combinations of Predictive Models

Eight studies combined different predictive models across
domains to test prognostic accuracy (table 2). These stud-
ies combined variables from 2 of the predictive models
domains,?>28:31:3238404145 hyt no study considered variables
from 3 domains.

The highest PPV (82%) resulted from a predictive model
including disorganized communication, suspiciousness,
verbal memory deficit, and decline in social functioning.
This predictive model yielded an SE of 60%, SP of 97%,
and NPV of 93%.% Excluding this predictive model, 3 other
combined predictive models?>*** have been validated.

Validated Models Used in the Sequential Testing
Simulations

Seven models with validation procedures were used for
the simulations.?>2432334147 Model details are reported in
table 3.

Psychosis Prediction in CHR Individuals

Meta-analytical Sequential Testing Simulations

We conducted 13 simulations in total, the details of
which are reported in online supplementary figure 1. The
highest PPV was achieved by sequentially using a com-
bined model (clinical + EEG?*) and 2 biological (struc-
tural MRI?® and blood markers**) models (figure 2).
Specifically, PPV was estimated to be 98% for an individ-
ual with 3 positive tests, 71-82% for an individual with 2
positive complementary tests, 12%—21% for an individual
with 1 positive complementary test, and 1% for an indi-
vidual with no positive tests (figure 2). Accordingly, the
NNT was 2 for those with 3 positive sequential tests, 3 for
those with 2 positive tests, 11-18 for those with 1 positive
test, and 219 for those with no positive tests (see online
supplementary table 1 for results in the bounds of the CI
of the risk ratio for preventive treatments). This suggests
that 3-stage sequential testing can significantly impact
effectiveness of preventative treatments in CHR samples.
To demonstrate the worst case scenario, we additionally
used the lower limit of the confidence interval, producing
lower but still medium PPVs: 49% for an individual with
3 positive tests, and 24%-30% for an individual with 2
positive tests (see online supplementary figure 2). PPVs
after assuming the strongest possible correlation between
the tests yielded high (or medium to high) PPVs: 98%
for an individual with 3 positive tests, and 55%—81% for
an individual 2 positive complementary tests (see online
supplementary figure 3).

PPVs were similar when the analysis was restricted to
CHR individuals meeting APS criteria at baseline (high
for 2 or 3 positive tests and low otherwise), but globally
higher when the analysis was restricted to CHR individu-
als meeting BLIPS/BIPS criteria (high for 2 or 3 positive
tests, still medium for 1 positive test, and low otherwise),
and globally lower when the analysis was restricted
to CHR individuals meeting GRD criteria (high for 3
positive tests but medium for 2 positive tests, and low
otherwise) (see online supplementary table 2 and supple-
mentary figure 4).

Discussion

To our knowledge, this is the first study to systematically
review predictive models for psychosis onset in CHR and
to test the theoretical clinical utility of a 3-stage sequen-
tial testing to improve psychosis prediction. Twenty-five
original studies were retrieved, addressing clinical, bio-
logical, neurocognitive, environmental, or combinations
of predictive models across different domains. The high-
est PPV across environmental predictive models was
modest (63%),** whereas the highest PPVs in clinical,”
biological,? neurocognitive,*> and combined® predictive
models were above 82%. Thirteen 3-stage sequential test-
ing simulations based on probabilistic risk assessment
were conducted. The best model showed that probability
of transition in a CHR individual was 98% if the 3 tests
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were positive based on 1 combined (EEG + clinical)*
and 2 biological predictive models (structural MRI and
blood markers),?** 71%-82% if only 2 tests were posi-
tive, 1%-21% with 1 positive test, and 1% with no positive
sequential tests.

We focused on PPV to improve risk prediction in CHR
samples. This is based on the findings of our previous
work which indicated that CHR instruments have excel-
lent prognostic accuracy to rule out true negatives, sub-
jects who not go on to develop psychosis.* By contrast,
there is still a need to specifically improve the ability to
rule in subsequent psychosis and to increase PPVs.* We
examined 25 studies encompassing different types of
biological, neurocognitive, environmental, and com-
bined predictive models. The environmental predictive
models yielded modest PPVs (63% for the best model).
This may reflect a poor discriminative power that may
be caused by heterogeneity in the environmental factors
entered in the models. Environmental predictive models
were mostly based on general factors associated with
psychotic disorders such as substance abuse,*'* urban-
icity,* unemployment,* and social maladjustment’** so
it is plausible that their specificity to CHR pathophysi-
ology is relatively poor. These models were also char-
acterized by poor methodological quality as none had
employed validation analyses to confirm their findings.
Conversely, the models from the other domains (clini-
cal, neurobiological, neurocognitive, combination) with
the highest PPVs had values above 82%. An additional
finding is that of nonsuperiority of combined predictive
models (82% for the model delivering the highest PPV#)
as compared to the other models such as neurocognitive
models (83% the highest PPV*). Similar findings have
been observed for dementia prediction in patients with
mild cognitive impairment where the accuracy of com-
bined models (neuropsychological testing, health screen-
ing, neuroimaging, genetics, and informant or patient
reports) did not significantly exceed that of more parsi-
monious models.* A previous study by our group found
that combining cognitive, genetic, and imaging methods
did not substantially improve the discrimination between
healthy controls and CHR individuals.*® Therefore, here
we simulated the potential clinical utility of a 3-stage
sequential probabilistic testing to refine psychosis predic-
tion. Probabilistic testing analyses are common in other
areas of preventative clinical medicine. For instance, they
have been successfully applied to discriminate patients
with Alzheimer’s disease from other forms of dementia.’!

Because our 3-stage sequential testing analysis is not
based on original data but on statistical simulations, we
have restricted it only to the validated predictive models.
Measures of prognostic accuracy are extremely sensitive
to the design of the study and studies without validation
procedures can severely overestimate the indicators of test
performance. Overall, only 7 studies included in the cur-
rent review have employed a rigorous prognostic accuracy

Psychosis Prediction in CHR Individuals

approach combining appropriate predictive modeling with
internal validation. Importantly, from the models with the
highest PPVs, only the biological* and neurocognitive® but
not the combined model** underwent validation. We thus
tested if PPV could be improved on top of the initial CHR
baseline assessment* by sequentially combining 3 validated
predictive models in 13 different combinations (see online
supplementary figure 1). Our probabilistic testing simula-
tions identified the best theoretical model, which was based
on 1 combinatory (EEG + clinical)**> and 2 biological pre-
dictive models (structural MRI* and blood markers*2)
(figure 2). This model showed that at least 3 positive tests
are required to reach a high PPV for the development of
psychosis (98%) and 2 negative tests to have low probability
(1%-21%). These findings provide a theoretical framework
suggesting that sequential testing in CHR individuals may
improve psychosis prediction by stratifying individual risk
profiles. It is striking that all 3 predictive model tests that
were used in the meta-analytical probabilistic assessment
included biological measurements. It may be speculated
that since biological predictors of psychosis map direct
neurobiological processes associated with the develop-
ment of the illness, they have a high PPV. The first model
in our simulation includes clinical variables (premorbid
functioning) together with the P300 event-related poten-
tial.? Interesting in this context is the fact that a recent
meta-analysis confirmed that event-related potentials such
as the P300 or the mismatch negativity (a measure of pre-
diction error dependent learning®) may be used as promis-
ing markers to predict the onset of psychosis.” The second
test in our simulation includes gray matter volume reduc-
tions in prefrontal cortices such as dorso- and ventromedial
areas as well as the cingulate cortex, which have been widely
implicated in CHR pathophysiology,?* and are known to be
involved in cognitive processing.** Impairments in cognitive
performance are associated with the onset of psychosis and
may be useful in predicting psychosis.”>* Finally, our third
test includes a multiplex blood assay.* Most of the blood
analytes were involved in the regulation of the hypotha-
lamic-pituitary axis, oxidative stress and inflammation, all
of which are abnormal in patients with schizophrenia.’-%
Consistent with the hypothesis that inflammation, oxidative
stress, and dysregulation of hypothalamic-pituitary axes
may be prominent in the earliest stages of psychosis,>* CHR
subjects had elevated cortisol levels and increased hypo-
thalamic® and pituitary volumes.®> Overall, our findings
indicate that measures of pathophysiological anomalies
may complement baseline clinical assessments to stratify
CHR individuals into different risk groups, which in turn
may lead to personalized treatments to prevent transition
to psychosis.”” In a first sensitivity-preserving step, CHR
psychometric instruments could be used to rule out sub-
jects seeking help at high-risk services but who are unlikely
to develop psychosis. In a second step, additional tests of
objective pathophysiological measures could be sequen-
tially applied to the CHR group, with the aim of increasing
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prognostic reliability. Multicomponent sequential testing
will not only decrease the risk of offering unnecessary treat-
ment to false positives, but may also inform the treatment
for people who do go on to develop psychosis. This could
improve the benefits associated with early detection and
early intervention, while reducing the possible costs (eg,
weight gain) associated with receiving unnecessary phar-
macological treatment.

Limitations and Future Directions

Our sequential testing is theoretical and not based on
original data. Future original investigations should test
the generalizability of our approach. Collaborative stud-
ies between international multisite CHR projects such as
PRONIA (www.pronia.eu/), PSYSCAN (www.psyscan.
eu/) and NAPLS3 (http://campuspress.yale.edu/napls/)
are being planned and they may deliver large scale data-
bases needed to externally validate the stepwise assess-
ment identified by the current analysis. Another issue that
may have influenced our simulation results may be the
presence of affective comorbidities that can impact both
psychopathology® and neurobiology® of a CHR sample.
There were no data to test this in our review. It is also
possible that duration of follow-up might affect our sim-
ulations. However, all predictive models employed have
provided prognostic accuracy data in the longer period of
time (baseline CHR assessment at 38 months,* neurocog-
nitive assessment at 48 months,> combined assessment at
36 months,”? neuroimaging assessment at 52 months?),
when most transition to psychosis would have already
occurred.® Furthermore, we did not investigate outcomes
other than psychosis transition, such as functional status,*
remission,®”’ or treatment responses,®® which are becoming
a mainstream focus of CHR research. Different sequen-
tial testing approaches are likely to be needed depending
on the specific outcome to be predicted. Finally, the cost-
effectiveness of having patients undergo neuroimaging
testing will need to be established if there is any likeli-
hood of integrating imaging into routine use.*

Conclusions

The use of a sequential testing approach that improves
baseline clinical assessments with predictive models from
different domains, especially biological data may deliver
high prognostic accuracy for psychosis prediction in sub-
jects undergoing CHR assessment. Although our find-
ings are theoretical and must be validated on original
data, such probabilistic multimodal and multistep testing
might help to improve the ability of high-risk services to
stratify personalized risk profiles.

Supplementary Material

Supplementary material is available at http://schizophre-
niabulletin.oxfordjournals.org.

Page 12 of 14

Funding

This work was supported by the Swiss National Science
Foundation (SNSF; No. P2ZHP3_155184 to A.S.), the
Instituto de Salud Carlos I1I—Subdireccion General de
Evaluacién and the European Regional Development
Fund (personal grant Miguel Servet CP14/00041 and
project P114/00292 integrated into the National Plan for
research, development and innovation) (J.R.) and in part
by a 2014 NARSAD Young Investigator Award (P.F.P).
P.EP. was also supported by the National Institute for
Health Research (NIHR), Mental Health Biomedical
Research Centre at the South London and Maudsley,
NHS Foundation Trust and King’s College London. The
views expressed are those of the author(s) and not neces-
sarily those of the NHS, the NIHR or the Department
of Health.

Acknowledgments

The authors have declared that there are no conflicts of
interest in relation to the subject of this study.

References

1. Fusar-Poli P, Borgwardt S, Bechdolf A, et al. The psycho-
sis high-risk state: a comprehensive state-of-the-art review.
JAMA Psychiatry. 2013;70:107-120.

2. van der Gaag M, Smit F, Bechdolf A, et al. Preventing a
first episode of psychosis: meta-analysis of randomized con-
trolled prevention trials of 12 month and longer-term follow-
ups. Schizophr Res. 2013;149:56-62.

3. Stafford MR, Jackson H, Mayo-Wilson E, Morrison AP,
Kendall T. Early interventions to prevent psychosis: system-
atic review and meta-analysis. BMJ. 2013;346:185.

4. Fusar-Poli P, Cappucciati M, Rutigliano G, et al. At risk
or not at risk? A meta-analysis of the prognostic accuracy
of psychometric interviews for psychosis prediction. World
Psychiatry. 2015;14:322-332.

5. Fusar-Poli P, Carpenter WT, Woods SW, McGlashan TH.
Attenuated psychosis syndrome: ready for DSM-5.1? Annu
Rev Clin Psychol. 2014;10:155-192.

6. Fusar-Poli P, Bechdolf A, Taylor MJ, et al. At risk for schizo-
phrenic or affective psychoses? A meta-analysis of DSM/
ICD diagnostic outcomes in individuals at high clinical risk.
Schizophr Bull. 2013;39:923-932.

7. Fusar-Poli P, Schultze-Lutter F. Predicting the onset of
psychosis in patients at clinical high risk: practical guide to
probabilistic prognostic reasoning. Evid Based Ment Health.
2016;19:10-15.

8. Fusar-Poli P, Schultze-Lutter F, Cappucciati M, et al. The
dark side of the moon: Meta-analytical impact of recruit-
ment strategies on risk enrichment in the clinical high risk
state for psychosis. Schizophr Bull. 2016;42:732-743.

9. Carpenter WT, Tandon R. Psychotic disorders in DSM-5:
summary of changes. Asian J Psychiatr. 2013;6:266-268.

10. Arbyn M, Verdoodt F, Snijders PJ, et al. Accuracy of
human papillomavirus testing on self-collected versus cli-
nician-collected samples: a meta-analysis. Lancet Oncol.
2014;15:172-183.

910z ‘2T nBny uo AReiqi Asienlun / pseq Jo Aisieaiun e /B10'seuInolpioxo uiie|ndeiusaydoziyos//:dny woiy papeojumod


http://www.pronia.eu/
http://www.psyscan.eu/
http://www.psyscan.eu/
http://campuspress.yale.edu/napls/
http://schbul.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbw098/-/DC1
http://schbul.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbw098/-/DC1
http://schizophreniabulletin.oxfordjournals.org/

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Ma MK, Leung AY, Lo KY, et al. Screening algorithm for
BK virus-associated nephropathy using sequential testing
of urinary cytology: a probabilistic model analysis. Am J
Nephrol. 2015;42:410-417.

Millan MJ, Andrieux A, Bartzokis G, et al. Altering the
course of schizophrenia: progress and perspectives. Nat Rev
Drug Discov. 2016; 15:485-515.

van der Ploeg T, Austin PC, Steyerberg EW. Modern model-
ling techniques are data hungry: a simulation study for pre-
dicting dichotomous endpoints. BMC Med Res Methodol.
2014;14:137.

Musoro JZ, Zwinderman AH, Puhan MA, ter Riet G, Geskus
RB. Validation of prediction models based on lasso regres-
sion with multiply imputed data. BMC Med Res Methodol.
2014;14:116.

George B, Seals S, Aban 1. Survival analysis and regression
models. J Nucl Cardiol. 2014;21:686-694.

. Tuffery P, Guyon F, Derreumaux P. Improved greedy algo-

rithm for protein structure reconstruction. J Comput Chem.
2005;26:506-513.

Moher D, Liberati A, Tetzlaff J, Altman DG, Group P.
Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement. BMJ (Clinical research
ed). 2009;339:b2535.

Clark SR, Schubert KO, Baune BT. Towards indicated pre-
vention of psychosis: using probabilistic assessments of tran-
sition risk in psychosis prodrome. J Neural Transm ( Vienna).
2015;122:155-169.

Justice AC, Covinsky KE, Berlin JA. Assessing the gen-
eralizability of prognostic information. Ann Intern Med.
1999;130:515-524.

Altman DG, Royston P. What do we mean by validating a
prognostic model? Stat Med. 2000;19:453-473.

R Development Core Team. R: A Language and Environment
for Statistical Computing. Version 3.0 for Linux. Vienna,
Austria: R Foundation for Statistical Computing.

Nieman DH, Ruhrmann S, Dragt S, et al. Psychosis predic-
tion: stratification of risk estimation with information-pro-
cessing and premorbid functioning variables. Schizophr Bull.
2014;40:1482-1490.

Koutsouleris N, Riecher-Rossler A, Meisenzahl EM, et al.
Detecting the psychosis prodrome across high-risk popula-
tions using neuroanatomical biomarkers. Schizophr Bull.
2015;41:471-482.

Perkins DO, Jeftries CD, Addington J, et al. Towards a psy-
chosis risk blood diagnostic for persons experiencing high-
risk symptoms: preliminary results from the NAPLS project.
Schizophr Bull. 2015;41:419-428.

Fusar-Poli P, Cappucciati M, Bonoldi I, et al. Prognosis of
brief psychotic episodes: a meta-analysis. JAMA Psychiatry.
2016;73:211-220.

Fusar-Poli P, Cappucciati M, Borgwardt S, et al.
Heterogeneity of psychosis risk within individuals at clinical
high risk: a meta-analytical stratification. JAMA Psychiatry.
2016;73:113-120.

Mason O, Startup M, Halpin S, Schall U, Conrad A, Carr
V. Risk factors for transition to first episode psychosis
among individuals with ‘at-risk mental states’. Schizophr Res.
2004;71:227-237.

Lencz T, Smith CW, McLaughlin D, et al. Generalized and
specific neurocognitive deficits in prodromal schizophrenia.
Biol Psychiatry. 2006;59:863-871.

Hoffman RE, Woods SW, Hawkins KA, et al. Extracting spu-
rious messages from noise and risk of schizophrenia-spectrum

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Psychosis Prediction in CHR Individuals

disorders in a prodromal population. Br J Psychiatry.
2007;191:355-356.

Pukrop R, Ruhrmann S, Schultze-Lutter F, Bechdolf A,
Brockhaus-Dumke A, Klosterkotter J. Neurocognitive indi-
cators for a conversion to psychosis: comparison of patients
in a potentially initial prodromal state who did or did not
convert to a psychosis. Schizophr Res. 2007;92:116-125.
Cannon TD, Cadenhead K, Cornblatt B, et al. Prediction of
psychosis in youth at high clinical risk: a multisite longitudinal
study in North America. Arch Gen Psychiatry. 2008;65:28-37.
Riecher-Rossler A, Pflueger MO, Aston J, et al. Efficacy of
using cognitive status in predicting psychosis: a 7-year follow-
up. Biol Psychiatry. 2009;66:1023-1030.

Fusar-Poli P, Byrne M, Valmaggia L, et al. Social dysfunction
predicts two years clinical outcome in people at ultra high
risk for psychosis. J Psychiatr Res. 2010;44:294-301.

Dragt S, Nieman DH, Veltman D, et al. Environmental fac-
tors and social adjustment as predictors of a first psychosis in
subjects at ultra high risk. Schizophr Res. 2011;125:69-76.
Koutsouleris N, Davatzikos C, Bottlender R, et al. Early rec-
ognition and disease prediction in the at-risk mental states
for psychosis using neurocognitive pattern classification.
Schizophr Bull. 2012;38:1200-1215.

Nelson B, Yuen HP, Wood SJ, et al. Long-term follow-up of
a group at ultra high risk (“prodromal”) for psychosis: the
PACE 400 study. JAMA Psychiatry. 2013;70:793-802.
Nieman DH, Velthorst E, Becker HE, et al. The Strauss and
Carpenter Prognostic Scale in subjects clinically at high risk
of psychosis. Acta Psychiatr Scand. 2013;127:53-61.

Tarbox SI, Addington J, Cadenhead KS, et al. Premorbid
functional development and conversion to psychosis in clini-
cal high-risk youths. Dev Psychopathol. 2013;25:1171-1186.

van Tricht MJ, Ruhrmann S, Arns M, et al. Can quantitative
EEG measures predict clinical outcome in subjects at Clinical
High Risk for psychosis? A prospective multicenter study.
Schizophr Res. 2014;153:42-47.

Ziermans T, de Wit S, Schothorst P, et al. Neurocognitive and
clinical predictors of long-term outcome in adolescents at
ultra-high risk for psychosis: a 6-year follow-up. PLoS One.
2014;9:¢93994.

Michel C, Ruhrmann S, Schimmelmann BG, Klosterkotter J,
Schultze-Lutter F. A stratified model for psychosis prediction
in clinical practice. Schizophr Bull. 2014;40:1533-1542.
DeVylder JE, Muchomba FM, Gill KE, et al. Symptom tra-
jectories and psychosis onset in a clinical high-risk cohort:
the relevance of subthreshold thought disorder. Schizophr
Res. 2014;159:278-283.

Buchy L, Perkins D, Woods SW, Liu L, Addington J.
Impact of substance use on conversion to psychosis in
youth at clinical high risk of psychosis. Schizophr Res.
2014;156:277-280.

van Tricht MJ, Nieman DH, Koelman JH, et al. Reduced pari-
etal P300 amplitude is associated with an increased risk for a
first psychotic episode. Biol Psychiatry. 2010;68:642—648.
Cornblatt BA, Carriéon RE, Auther A, et al. Psychosis pre-
vention: a modified clinical high risk perspective from the rec-
ognition and prevention (RAP) program. Am J Psychiatry.
2015;172:986-994.

Ruhrmann S, Schultze-Lutter F, Salokangas RK, et al.
Prediction of psychosis in adolescents and young adults at
high risk: results from the prospective European prediction
of psychosis study. Arch Gen Psychiatry. 2010;67:241-251.
Ramyead A, Studerus E, Kometer M, et al. Prediction of
psychosis using neural oscillations and machine learning in

Page 13 of 14

910z ‘2T nBny uo AReiqi Asienlun / pseq Jo Aisieaiun e /B10'seuInolpioxo uiie|ndeiusaydoziyos//:dny woiy papeojumod


http://schizophreniabulletin.oxfordjournals.org/

A. Schmidt et al

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

8.

neuroleptic-naive at-risk patients. World J Biol Psychiatry.
2016;17:285-295.

Bearden CE, Wu KN, Caplan R, Cannon TD. Thought dis-
order and communication deviance as predictors of outcome
in youth at clinical high risk for psychosis. J Am Acad Child
Adolesc Psychiatry. 2011;50:669-680.

Stephan BC, Kurth T, Matthews FE, Brayne C, Dufouil C.
Dementia risk prediction in the population: are screening
models accurate? Nat Rev Neurol. 2010;6:318-326.
Pettersson-Yeo W, Benetti S, Marquand AF, et al. Using
genetic, cognitive and multi-modal neuroimaging data to
identify ultra-high-risk and first-episode psychosis at the indi-
vidual level. Psychol Med. 2013;43:2547-2562.

Slaets S, Le Bastard N, Martin JJ, et al. Cerebrospinal fluid
AP1-40 improves differential dementia diagnosis in patients
with intermediate P-taul81P levels. J Alzheimers Dis.
2013;36:759-767.

Schmidt A, Bachmann R, Kometer M, et al. Mismatch nega-
tivity encoding of prediction errors predicts S-ketamine-
induced cognitive impairments. Neuropsychopharmacology.
2012;37:865-875.

Bodatsch M, Brockhaus-Dumke A, Klosterkotter I,
Ruhrmann S. Forecasting psychosis by event-related poten-
tials-systematic review and specific meta-analysis. Bio/
Psychiatry. 2015;77:951-958.

Owen AM, McMillan KM, Laird AR, Bullmore E. N-back
working memory paradigm: a meta-analysis of norma-
tive functional neuroimaging studies. Hum Brain Mapp.
2005;25:46-59.

Pflueger MO, Gschwandtner U, Stieglitz RD, Riecher-Rossler
A. Neuropsychological deficits in individuals with an at risk
mental state for psychosis - working memory as a potential
trait marker. Schizophr Res. 2007;97:14-24.

Leeson VC, Barnes TR, Harrison M, et al. The relationship
between IQ, memory, executive function, and processing
speed in recent-onset psychosis: 1-year stability and clinical
outcome. Schizophr Bull. 2010;36:400-409.

Flatow J, Buckley P, Miller BJ. Meta-analysis of oxidative
stress in schizophrenia. Biol Psychiatry. 2013;74:400-409.
Kirkpatrick B, Miller BJ. Inflammation and schizophrenia.
Schizophr Bull. 2013;39:1174-1179.

Page 14 of 14

60.

61.

62.

63.

64.

65.

66.

67.

68.

. Anderson G, Berk M, Dodd S, et al. Immuno-inflammatory,

oxidative and nitrosative stress, and neuroprogressive path-
ways in the etiology, course and treatment of schizophrenia.
Prog Neuropsychopharmacol Biol Psychiatry. 2013;42:1-4.
Walker EF, Trotman HD, Pearce BD, et al. Cortisol lev-
els and risk for psychosis: initial findings from the North
American prodrome longitudinal study. Biol Psychiatry.
2013;74:410-417.

Goldstein JM, Seidman LJ, Makris N, et al. Hypothalamic
abnormalities in schizophrenia: sex effects and genetic vul-
nerability. Biol Psychiatry. 2007;61:935-945.

Nordholm D, Krogh J, Mondelli V, Dazzan P, Pariante C,
Nordentoft M. Pituitary gland volume in patients with schiz-
ophrenia, subjects at ultra high-risk of developing psychosis
and healthy controls: a systematic review and meta-analysis.
Psychoneuroendocrinology. 2013;38:2394-2404.

Fusar-Poli P, Nelson B, Valmaggia L, Yung AR, McGuire
PK. Comorbid depressive and anxiety disorders in 509
individuals with an at-risk mental state: impact on psy-
chopathology and transition to psychosis. Schizophr Bull.
2014;40:120-131.

Modinos G, Allen P, Frascarelli M, et al. Are we really map-
ping psychosis risk? Neuroanatomical signature of affec-
tive disorders in subjects at ultra high risk. Psychol Med.
2014;44:3491-3501.

Kempton MJ, Bonoldi I, Valmaggia L, McGuire P, Fusar-
Poli P. Speed of psychosis progression in people at ultra-
high clinical risk: a complementary meta-analysis. J4MA
Psychiatry. 2015;72:622-623.

Carrion RE, McLaughlin D, Goldberg TE, et al. Prediction
of functional outcome in individuals at clinical high risk for
psychosis. JAMA Psychiatry. 2013;70:1133-1142.

Addington J, Cornblatt BA, Cadenhead KS, et al. At clini-
cal high risk for psychosis: outcome for nonconverters. Am J
Psychiatry. 2011;168:800-805.

Mechelli A, Prata D, Kefford C, Kapur S. Predicting clini-
cal response in people at ultra-high risk of psychosis: a
systematic and quantitative review. Drug Discov Today.
2015;20:924-927.

. Macqueen GM. Will there be a role for neuroimaging in clini-

cal psychiatry? J Psychiatry Neurosci. 2010;35:291-293.

910z ‘2T nBny uo AReiqi Asienlun / pseq Jo Aisieaiun e /B10'seuInolpioxo uiie|ndeiusaydoziyos//:dny woiy papeojumod


http://schizophreniabulletin.oxfordjournals.org/

