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Research suggests that early identification and intervention with individuals at clinical high risk (CHR) for psychosis may be able to improve the course of illness. The first
generation of studies suggested that the identification of
CHR through the use of specialized interviews evaluating
attenuated psychosis symptoms is a promising strategy for
exploring mechanisms associated with illness progression,
etiology, and identifying new treatment targets. The next
generation of research on psychosis risk must address two
major limitations: (1) interview methods have limited specificity, as recent estimates indicate that only 15%–30% of
individuals identified as CHR convert to psychosis and (2)
the expertise needed to make CHR diagnosis is only accessible in a handful of academic centers. Here, we introduce
a new approach to CHR assessment that has the potential to increase accessibility and positive predictive value.
Recent advances in clinical and computational cognitive
neuroscience have generated new behavioral measures that
assay the cognitive mechanisms and neural systems that underlie the positive, negative, and disorganization symptoms
that are characteristic of psychotic disorders. We hypothesize that measures tied to symptom generation will lead
to enhanced sensitivity and specificity relative to interview
methods and the cognitive intermediate phenotype measures that have been studied to date that are typically indicators of trait vulnerability and, therefore, have a high
false positive rate for conversion to psychosis. These new
behavioral measures have the potential to be implemented

on the internet and at minimal expense, thereby increasing
accessibility of assessments.
Key words: clinical high risk/schizophrenia prodrome/
conversion
The large majority of people with schizophrenia demonstrate significant disability and premature mortality
despite largely successful management of their positive
symptoms.1,2 Efforts to address morbidity and mortality
have shifted to the earliest phases of the illness, with
the idea that early intervention may improve long-term
symptomatic and functional outcomes. Motivated by the
results of the Recovery After an Initial Schizophrenia
Episode (RAISE3) study, intensive intervention in firstepisode psychosis (FEP) is now being brought to scale
through the combined efforts of the National Institute
of Mental Health (NIMH) and the Substance Abuse and
Mental Health Services Administration (SAMHSA) to
develop a nation-wide network of sites delivering evidence-based specialty care.
Building on the success of early intervention at the first
episode, international efforts have sought to determine if
it is possible to reliably identify people who appear to be
at clinical high risk (CHR) for the onset of psychosis, with
the goal of developing interventions to prevent or delay
the emergence of a psychotic disorder, thereby altering
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the clinical course. This first generation of CHR research
focused on the development of reliable clinical interview
methods to identify people who appeared to be at highest
risk for conversion to psychosis so that they could receive
careful monitoring and treatment as appropriate.4–12 This
approach has substantially improved our understanding
of the prodromal stage of the disorder and highlighted
biomarkers associated with CHR status and conversion
(such as changes in electrophysiology, brain structure,
and cognitive performance).13–25
While substantial progress has been made, several limitations of prevailing approaches suggest the need to develop innovative methods:
(1) L
 ow Specificity. Current approaches using structured
interviews to identify people at CHR have limited
specificity: only 15%–30% of individuals who meet
CHR criteria actually convert to a psychotic disorder
over extended follow-up.26–33 The low conversion
rates associated with current assessment methods
greatly confound attempts to power primary prevention trials, as seen in the recent NEURAPRO fish oil
study.34,35 We acknowledge that conversion to psychosis is not the only relevant clinical outcome and
that many people who do not convert experience substantial symptom burden and functional impairment
requiring clinical attention. However, we remain convinced that the prevention of conversion to psychosis
should remain a public health priority, given the morbidity and mortality associated with these disorders.
There is a clear need to increase the specificity and
sensitivity of assessment of imminent risk, in order
to enrich samples for future preventative intervention
trials.36–38
(2) Limited Availability and Detection Power. The interview methods that are used for CHR identification
require extensive training, in addition to the establishment of referral networks or public health awareness campaigns that involve significant resources
and support. As a result, only a minority of people
who develop FEP access specialty care for CHR syndromes. Even in the United Kingdom, where specialty CHR care is available via the National Health
Service,32,36,39–45 detection power of the CHR approach is limited in that only 5% of people who ultimately present with FEP have ever had any prior
contact with CHR services.4,31 In the United States,
the availability situation is worse: until recently, CHR
services have existed only in a few academic institutions,5,46–48 and this has limited the public health
impact of the first-generation studies. While the
new NIMH Clinical High Risk for Psychosis initiative (U01 and U24 pair) will ultimately support a
large treatment development network, different approaches are needed in order to increase the specificity and availability of CHR screening.

One potential solution is the use of biomarkers as
stand-alone measures or to complement interviews. The
first generation of CHR studies focused on neuropsychological and electrophysiological measures that were identified as markers of risk in family and “high-risk” studies
over the last 30 years.49–52 These were sensible measures to study at the time the original CHR studies were
undertaken, as these measures were reliably abnormal in
ill patients and some proportion of first-degree relatives,
suggesting that they were assessing fundamental aspects
of illness risk. That approach also inevitably led to poor
specificity. That is, risk or trait vulnerability markers are
often abnormal in people who never develop diagnosable psychotic disorders.49 Such measures may be highly
useful for the study of genetic risk; however, by definition, they will have unacceptable false positive rates in
the prediction of conversion to psychosis. There are a
number of neuroimaging biomarkers that may have enhanced specificity (eg, positron emission tomography
imaging of dopamine synthesis capacity).20 However, it
is unlikely that such costly measures will become widely
available considering the expense involved and the expertise required.
In our view, the major challenge facing the field is to
increase assessment sensitivity and specificity for conversion to psychosis and to do so at scale. We believe that
there is a path forward to meet these challenges. The
strongest predictor of conversion in the existing CHR
literature is symptom severity at baseline—the worse the
positive, negative, and disorganization symptoms at initial presentation, the higher the probability of conversion
across time.14,53,54 Quantitative measures that assay the
latent processes that underline symptom formation may
offer a more sensitive assessment of evolving risk.
Recent advances in clinical cognitive neuroscience and
computational psychiatry offer a mechanistic understanding of the genesis and maintenance of the defining
symptoms of schizophrenia. As such, we might now
predict conversion to psychosis, building upon the pioneering CHR work, but exploiting contemporary discoveries made long after those seminal projects were initiated.
Taking a translational approach from the basic neuroscience of perception and cognition provides a conceptual
framework and a set of behavioral paradigms that elicit
symptom-relevant latent constructs.55 These constructs,
in turn, have the potential to offer objective measures
that are more precise and free from the drawbacks of
subjective clinical interview measures: interviewers differ
in their skill in eliciting precise information and patients
display varying levels of insight and willingness to disclose potentially stigmatizing information. Furthermore,
there may be different pathways to the same observed behavior with different implications for conversion. For example, it is now clear that mood and psychotic disorders
are both associated with motivational deficits and reward
processing abnormalities. However, the nature of these
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abnormalities differs. Mood disorders appear to be characterized by a true hedonic deficit, whereas people with
schizophrenia exhibit motivational deficits consequent
to impairment in explicit reinforcement learning (RL)
and effort-cost decision-making, in the presence of intact
reward sensitivity.56,57 It is possible that hedonic deficits
may not prove to be predictive of conversion to psychosis
among those at CHR, whereas abnormalities in RL and
effort allocation may. We hypothesize that measures derived from specific mechanistic models of symptoms may
serve as better predictors of conversion to full psychotic
disorder than subjective, interview-based measures and
provide a better signal-to-noise ratio in the face of the
substantial clinical heterogeneity that is characteristic of
CHR samples.
New Directions in the Understanding of Symptom
Mechanisms
Here, we briefly describe the cognitive computational
mechanisms that underly the positive, negative, and disorganization symptoms that are the major diagnostic
features of psychotic disorders and schizophrenia.
A burgeoning literature—seeded by Stephan, Friston,
Frith and colleagues58—has begun to define the neural
and behavioral mechanisms of perception and belief
and their interactions,59–61 yielding a new understanding
of hallucinations and delusions.62–66The idea that perception involves the combination of beliefs (or predictions) with incoming sensory data goes back at least to
Helmholtz.67More recently, this fundamental notion
has been cast in Bayesian terms where perception is considered as a form of probabilistic inference; incoming
sensory information (likelihood) is compared against
predictions (priors), and prediction errors (resulting
when there is a mismatch between priors and incoming
evidence) are computed between them, with the most
likely cause of sensory data (posterior) becoming the
percept.59–61 Priors are represented with a certain precision (the inverse variance of the distribution of possible
values the data could take). If priors are more precise
than sensory inputs, they will dominate inference, we
will perceive what we expect, and prediction errors will
be ignored. Alternatively, precise sensory evidence will
dominate less precise priors and drive belief updating
(changing one’s priors for subsequent inference). This
scheme may be implemented via the hierarchical structure of cortex (priors are passed top-down, prediction
errors bottom-up, through N-methyl-D-aspartate and
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid, respectively).59–61Neuromodulators such as dopamine, acetylcholine, and serotonin (all implicated
in schizophrenia68–71) are thought to underwrite the
precision weighting of belief, perception, and their
interactions.72 By denying a strict distinction between
perception and belief,64 predictive coding provides a
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framework in which to understand hallucinations, delusions, and their co-occurrence.65
When prior beliefs are imprecise (or absent), many
inputs will generate prediction errors and spur rapid
learning and updating of the model of the world—humans and other animals are intolerant of uncertainty,
even an erroneous belief is better than no explanation
at all.72–74 This spurious learning may result from experiences (stimuli, thoughts, and percepts) that have been
rendered aberrantly salient75 by virtue of contextually inappropriate dopaminergic signaling.76–78 There are a variety of behavioral methods that are able to capture this
kind of spurious prediction-error-driven-learning, and
these methods have a track record of being associated
with the severity of delusions.76–78
Once formed, prior beliefs can become so overweighted that no amount of contradictory evidence can
generate a prediction error and drive new learning.77 This
is a way of understanding tenaciously held delusional
beliefs that are strongly resistant to contrary evidence
under typical conditions.77 This same mechanism may be
relevant for understanding hallucinations.66 Several recent experiments suggest that hallucinations may result
from strong priors that result in the perception of sound
or of speech in the absence of clear sensory evidence.79–81
The critical insight here is that perceptual systems are
never truly quiescent—there is always a tonic activity
that can be shaped and amplified by strong priors as
seen, for example, in the commonplace experience of
mistakenly believing that one’s name is being called.82
There are now a set of behavioral methods that are sensitive to individual differences in the proclivity to hear
sounds in the absence of sounds and to perceive comprehensible speech when presented with highly degraded
speech samples.80,81,83 We hypothesize that measures from
both of these “pathways” toward idiosyncratic percepts
and beliefs are relevant for the prediction of conversion
to psychosis.
A different mechanistic framework offers a new understanding of the motivational impairments that are
critical for functional outcomes. For many years, it was
assumed that decreases in goal-directed behavior were
caused by anhedonia: there is little reason to pursue
goals if attaining them brings little pleasure. However,
experimental evidence clearly demonstrates that people
with schizophrenia appear to have largely normal “in
the moment” experiences of pleasure and neural responses to the experience of rewarding outcomes.
However, these experiences do not have the expected
motivational impact in terms of driving subsequent
behavior.84,85 A large body of experimental work provides two complementary perspectives on this impairment. First, a series of studies using a variety of RL
paradigms suggest that people with schizophrenia
have difficulty with explicit RL, whereas implicit RL
may be intact.86,87 Some studies suggest that this is a
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consequence of impaired working memory processes
that are required for explicit RL, which are critical for
updating mental representations of value.88,89 Other
studies suggest that learning from rewarding outcomes
may be differentially impaired relative to learning from
loss avoidance and punishment.90,91 Both lines of evidence suggest that deficits in RL underlie the failure to
use value representations to drive decision-making and
motivated behavior. There are a number of behavioral
and computational modeling approaches that provide
the ability to formally quantify the processes involved
in generating this impairment.90,92 Formal modeling
that is able to quantify the contribution of several different discrete processes to the overall performance
offers much finer resolution on origins of motivational
impairment than interview-based negative symptom
ratings.
There is a closely related body of work looking at how
people with schizophrenia weigh potential rewards (benefits) vs the costs of the actions needed to obtain those
benefits. Well-replicated evidence indicates that people
with schizophrenia tend to avoid making high effort
choices associated with higher levels of reward, with this
bias being most evident in patients with more severe negative symptoms.93,94 This is a rapidly developing literature,
and there are new experimental and computational approaches that have promise in distinguishing the impact
of reward devaluation from enhanced effort aversion.95
As with the RL literature discussed above, these behavioral paradigms and computational analytic approaches
offer a much more nuanced and specific understanding
of the processes implicated in clinically manifest negative symptoms. The frontal-striatal circuits implicated in
RL and effort-based decision-making are systems longimplicated in schizophrenia.96–100
Clinically manifest disorganization symptoms such as
formal thought disorder and inappropriate affect are generally mild in CHR populations and have not emerged as
potent predictors of conversion to psychosis in the various
risk calculators that have been developed.14,15,53,54,101 We
suspect that the use of more sophisticated performancebased measures may be useful in detecting a wider range
of individual differences, potentially enhancing predictive utility. In broad terms, symptoms of disorganization are thought to reflect alterations in the long-range
connectivity and integration of distributed neural processing. Such dysconnectivity results in fragmentation in
the coherence, or context-based linking, of mental representations, and in the sequencing of thought and motor
behavior.102 Tasks assessing the aspects of visual context
processing and perceptual organization have been studied
in people with schizophrenia, and relationships with the
severity of disorganization symptoms have been observed in multiple studies.103 As with positive and negative
symptom mechanisms above, this approach to disorganization symptoms implicates a central neural abnormality

observed in schizophrenia and conceptualizes laboratorybased examples of reduced representational organization
as subtler forms of what is observed clinically as behavioral disorganization.
The utility of this proposed approach remains to be
demonstrated. With recent support from NIMH for a
five-site longitudinal study of 500 CHR, 500 psychiatric
help-seeking controls, and 500 controls (Computerized
Assessment of Psychosis Risk, or CAPR), we plan to administer a battery of computerized tasks that are tied to
the symptom generation mechanisms described above. By
including a help-seeking control group, we will be able to
directly address issues of sensitivity as well as specificity
and clinical heterogeneity. We hope to demonstrate that
our approach enhances the precision of prediction of
conversion as a prelude to making this type of screening
available at scale on the Internet.
Summary
The translational approach—from the basic neuroscience of perception and cognition to the prediction of
conversion to psychosis—involves two critical departures from the prevailing paradigm: (1) a shift from trait
markers to cognitive and perceptual state markers related to symptom mechanisms and (2) a shift away from
imaging biomarkers toward behavioral paradigms and
computational analytic approaches that offer refined
measurement of latent constructs implicated in symptom
formation. Increased precision in the measurement of the
mechanisms underlying symptom formation has the potential to enhance sensitivity and specificity over clinical
interview measures. Behavioral measures also have the
potential to be administered on the internet, increasing
the availability of CHR screening.
Funding
This work was supported by the following funding sources:
National Institute of Mental Health (NIMH) grants
R01 MH120090 (Gold), R01 MH112613 (Ellman), R01
MH120091 (Ellman), R01 MH120092 (Strauss), R01
MH116039 (Strauss/Mittal), R21 MH119438 (Strauss),
R01 MH112545 (Mittal), R01 MH1120088 (Mittal),
U01 MH081988 (Walker), R01 MH120090 (Waltz), R01
MH112612 (Schiffman), and R01 MH120089 (Corlett/
Woods).
Acknowledgments
Gold has consulted for Acadia and receives royalty
payments from the BACS; Strauss is one of the original developers of the Brief Negative Symptom Scale
(BNSS) and receives royalties and consultation fees from
ProPhase LLC in connection with commercial use of the
BNSS and other professional activities; these fees are
1349

J. M. Gold et al

donated to the Brain and Behavior Research Foundation.
Strauss has received honoraria and travel support from
ProPhase LLC for training pharmaceutical company
raters on the BNSS. Strauss has consulted for Minerva
Neurosciences, Acadia, and Lundbeck. Other authors
have no disclosures.
References
1. Brown S. Excess mortality of schizophrenia. A meta-analysis.
Br J Psychiatry. 1997;171:502–508.
2. Olfson M, Gerhard T, Huang C, Crystal S, Stroup TS.
Premature mortality among adults with schizophrenia in the United States. JAMA Psychiatry.
2015;72(12):1172–1181.
3. Kane JM, Robinson DG, Schooler NR, et al. Comprehensive
versus usual community care for first-episode psychosis:
2-year outcomes from the NIMH RAISE early treatment
program. Am J Psychiatry. 2016;173(4):362–372.
4. Broome MR, Woolley JB, Johns LC, et al. Outreach and support in south London (OASIS): implementation of a clinical
service for prodromal psychosis and the at risk mental state.
Eur Psychiatry. 2005;20(5-6):372–378.
5. 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(1):28–37.
6. Miller TJ, McGlashan TH, Rosen JL, et al. Prodromal assessment with the structured interview for prodromal syndromes
and the scale of prodromal symptoms: predictive validity,
interrater reliability, and training to reliability. Schizophr Bull.
2003;29(4):703–715.
7. Miller TJ, McGlashan TH, Rosen JL, et al. Prospective diagnosis of the initial prodrome for schizophrenia based on the
Structured Interview for Prodromal Syndromes: preliminary
evidence of interrater reliability and predictive validity. Am J
Psychiatry. 2002;159(5):863–865.
8. Phillips LJ, Yung AR, McGorry PD. Identification of
young people at risk of psychosis: validation of Personal
Assessment and Crisis Evaluation Clinic intake criteria. Aust
N Z J Psychiatry. 2000;34(Suppl):S164–S169.
9. 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(3):241–251.
10. Woods SW, Addington J, Cadenhead KS, et al. Validity of
the prodromal risk syndrome for first psychosis: findings
from the North American Prodrome Longitudinal Study.
Schizophr Bull. 2009;35(5):894–908.
11. Yung AR, McGorry PD. The initial prodrome in psychosis:
descriptive and qualitative aspects. Aust N Z J Psychiatry.
1996;30(5):587–599.
12. Zhang T, Li H, Woodberry KA, et al. Prodromal psychosis detection in a counseling center population in China:
an epidemiological and clinical study. Schizophr Res.
2014;152(2-3):391–399.
13. Cannon TD, Chung Y, He G, et al.; North American
Prodrome Longitudinal Study Consortium. Progressive reduction in cortical thickness as psychosis develops: a multisite
longitudinal neuroimaging study of youth at elevated clinical
risk. Biol Psychiatry. 2015;77(2):147–157.

1350

14. Cannon TD, Yu C, Addington J, et al. An individualized
risk calculator for research in prodromal psychosis. Am J
Psychiatry. 2016;173(10):980–988.
15. Carrión RE, Cornblatt BA, Burton CZ, et al. Personalized
prediction of psychosis: external validation of the NAPLS-2
psychosis risk calculator with the EDIPPP project. Am J
Psychiatry. 2016;173(10):989–996.
16. De La Fuente-Sandoval C, León-Ortiz P, Favila R, et al.
Higher levels of glutamate in the associative-striatum of
subjects with prodromal symptoms of schizophrenia and patients with first-episode psychosis. Neuropsychopharmacology
2011;36(9):1781.
17. Dean DJ, Walther S, Bernard JA, Mittal VA. Motor clusters
reveal differences in risk for psychosis, cognitive functioning,
and thalamocortical connectivity: evidence for vulnerability
subtypes. Clin Psychol Sci. 2018;6(5):721–734.
18. Fusar-Poli P, Bonoldi I, Yung AR, et al. Predicting psychosis:
meta-analysis of transition outcomes in individuals at high
clinical risk. Arch Gen Psychiatry. 2012;69(3):220–229.
19. Fusar-Poli P, McGuire P, Borgwardt S. Mapping prodromal
psychosis: a critical review of neuroimaging studies. Eur
Psychiatry. 2012;27(3):181–191.
20. Howes OD, Montgomery AJ, Asselin MC, Murray RM,
Grasby PM, McGuire PK. Molecular imaging studies of the
striatal dopaminergic system in psychosis and predictions
for the prodromal phase of psychosis. Br J Psychiatry Suppl.
2007;51:s13–s18.
21. Perez VB, Woods SW, Roach BJ, et al. Automatic auditory
processing deficits in schizophrenia and clinical high-risk patients: forecasting psychosis risk with mismatch negativity.
Biol Psychiatry. 2014;75(6):459–69.
22. Hamilton HK, Roach BJ, Bachman PM, et al. Association between P300 responses to auditory oddball stimuli and clinical
outcomes in the psychosis risk syndrome. JAMA Psychiatry.
2019;76(11):1187–97.
23. Chung Y, Allswede D, Addington J, et al.; North American
Prodrome Longitudinal Study (NAPLS) Consortium. Cortical
abnormalities in youth at clinical high-risk for psychosis: findings
from the NAPLS2 cohort. Neuroimage Clin. 2019;23:101862.
24. Seidman LJ, Giuliano AJ, Meyer EC, et al.; North
American Prodrome Longitudinal Study (NAPLS) Group.
Neuropsychology of the prodrome to psychosis in the NAPLS
consortium: relationship to family history and conversion to
psychosis. Arch Gen Psychiatry. 2010;67(6):578–588.
25. Walker EF, Trotman HD, Pearce BD, et al. Cortisol levels
and risk for psychosis: initial findings from the North
American prodrome longitudinal study. Biol Psychiatry.
2013;74(6):410–417.
26. Hartmann JA, Yuen HP, McGorry PD, et al. Declining
transition rates to psychotic disorder in “ultra-high risk”
clients: investigation of a dilution effect. Schizophr Res.
2016;170(1):130–136.
27. 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(8):793–802.
28. Simon AE, Velthorst E, Nieman DH, Linszen D,
Umbricht D, de Haan L. Ultra high-risk state for psychosis and non-transition: a systematic review. Schizophr Res.
2011;132(1):8–17.
29. Wiltink S, Velthorst E, Nelson B, McGorry PM,
Yung AR. Declining transition rates to psychosis: the
contribution of potential changes in referral pathways
to an ultra-high-risk service. Early Interv Psychiatry.
2015;9(3):200–206.

Cognitive Neuroscience Assessment of Psychosis Risk

30. Yung AR, Yuen HP, Berger G, et al. Declining transition rate
in ultra high risk (prodromal) services: dilution or reduction
of risk? Schizophr Bull. 2007;33(3):673–681.
31. Fusar-Poli P. The hype cycle of the clinical high risk state for
psychosis: the need of a refined approach. Schizophr Bull.
2018;44(2):250–253.
32. Fusar-Poli P, Schultze-Lutter F, Cappucciati M, et al. The
dark side of the moon: meta-analytical impact of recruitment
strategies on risk enrichment in the clinical high risk state for
psychosis. Schizophr Bull. 2016;42(3):732–743.
33. van Os J, Guloksuz S. A critique of the “ultra-high risk” and
“transition” paradigm. World Psychiatry. 2017;16(2):200–206.
34. McGorry PD, Nelson B, Markulev C, et al. Effect of ω-3
polyunsaturated fatty acids in young people at ultrahigh risk
for psychotic disorders: the NEURAPRO randomized clinical trial. JAMA Psychiatry. 2017;74(1):19–27.
35. Nelson B, Amminger GP, Yuen HP, et al. NEURAPRO: a
multi-centre RCT of omega-3 polyunsaturated fatty acids
versus placebo in young people at ultra-high risk of psychotic
disorders-medium-term follow-up and clinical course. NPJ
Schizophr. 2018;4(1):11.
36. Fusar-Poli P, Yung AR, McGorry P, van Os J. Lessons
learned from the psychosis high-risk state: towards a general
staging model of prodromal intervention. Psychol Med.
2014;44(1):17–24.
37. McGorry PD, Yung AR, Phillips LJ. The “close-in” or ultra
high-risk model: a safe and effective strategy for research
and clinical intervention in prepsychotic mental disorder.
Schizophr Bull. 2003;29(4):771–790.
38. Thompson E, Millman ZB, Okuzawa N, et al. Evidencebased early interventions for individuals at clinical high risk
for psychosis: a review of treatment components. J Nerv
Ment Dis. 2015;203(5):342–351.
39. Birchwood M, Connor C, Lester H, et al. Reducing duration of untreated psychosis: care pathways to early
intervention in psychosis services. Br J Psychiatry.
2013;203(1):58–64.
40. Boydell KM, Gladstone BM, Volpe T. Understanding help
seeking delay in the prodrome to first episode psychosis: a
secondary analysis of the perspectives of young people.
Psychiatr Rehabil J. 2006;30(1):54–60.
41. Klosterkötter J, Ruhrmann S, Schultze-Lutter F, et al. The
European Prediction of Psychosis Study (EPOS): integrating
early recognition and intervention in Europe. World
Psychiatry. 2005;4(3):161–167.
42. Rietdijk J, Hogerzeil SJ, van Hemert AM, Cuijpers P,
Linszen DH, van der Gaag M. Pathways to psychosis: helpseeking behavior in the prodromal phase. Schizophr Res.
2011;132(2-3):213–219.
43. Schultze-Lutter F, Michel C, Schmidt SJ, et al. EPA guidance
on the early detection of clinical high risk states of psychoses.
Eur Psychiatry. 2015;30(3):405–416.
44. Singh SP, Grange T. Measuring pathways to care in firstepisode psychosis: a systematic review. Schizophr Res.
2006;81(1):75–82.
45. Stowkowy J, Colijn MA, Addington J. Pathways to care for
those at clinical high risk of developing psychosis. Early
Interv Psychiatry. 2013;7(1):80–83.
46. Cooper S, Kring AM, Ellman LM. Attenuated positive
psychotic symptoms and the experience of anhedonia. Early
Interv Psychiatry. 2018;12(6):1188–1192.
47. Millman ZB, Pitts SC, Thompson E, et al. Perceived social
stress and symptom severity among help-seeking adolescents

48.

49.
50.

51.
52.

53.

54.

55.

56.

57.

58.
59.
60.
61.
62.
63.
64.
65.
66.

with versus without clinical high-risk for psychosis. Schizophr
Res. 2018;192:364–370.
Pelletier-Baldelli A, Strauss GP, Visser KH, Mittal VA.
Initial development and preliminary psychometric properties
of the Prodromal Inventory of Negative Symptoms (PINS).
Schizophr Res. 2017;189:43–49.
Cornblatt BA. The New York high risk project to the Hillside
recognition and prevention (RAP) program. Am J Med
Genet. 2002;114(8):956–966.
Cornblatt BA, Lencz T, Smith CW, Correll CU, Auther AM,
Nakayama E. The schizophrenia prodrome revisited:
a neurodevelopmental perspective. Schizophr Bull.
2003;29(4):633–651.
Light G, Greenwood TA, Swerdlow NR, et al. Comparison of
the heritability of schizophrenia and endophenotypes in the
COGS-1 family study. Schizophr Bull. 2014;40(6):1404–1411.
Snitz BE, Macdonald AW 3rd, Carter CS. Cognitive deficits
in unaffected first-degree relatives of schizophrenia patients: a
meta-analytic review of putative endophenotypes. Schizophr
Bull. 2006;32(1):179–194.
Zhang T, Xu L, Tang Y, et al.; SHARP (ShangHai At Risk
for Psychosis) Study Group. Prediction of psychosis in prodrome: development and validation of a simple, personalized
risk calculator. Psychol Med. 2019;49(12):1990–1998.
Osborne KJ, Mittal VA. External validation and extension
of the NAPLS-2 and SIPS-RC personalized risk calculators
in an independent clinical high-risk sample. Psychiatry Res.
2019;279:9–14.
Browning M, Carter C, Chatham CH, et al. Realizing the
clinical potential of computational psychiatry: report from
the Banbury Center meeting, February 2019. Biol Psychiatry.
2020. doi:10.1016/biopsych.2019.12.026.
Barch DM, Pagliaccio D, Luking K. Mechanisms underlying
motivational deficits in psychopathology: similarities and differences in depression and schizophrenia. Curr Top Behav
Neurosci. 2016;27:411–449.
Culbreth AJ, Moran EK, Barch DM. Effort-cost
decision-making in psychosis and depression: could a similar
behavioral deficit arise from disparate psychological and
neural mechanisms? Psychol Med. 2018;48(6):889–904.
Stephan KE, Friston KJ, Frith CD. Dysconnection in schizophrenia: from abnormal synaptic plasticity to failures of selfmonitoring. Schizophr Bull. 2009;35(3):509–527.
Friston K. Does predictive coding have a future? Nat
Neurosci. 2018;21(8):1019–1021.
Friston K. The free-energy principle: a rough guide to the
brain? Trends Cogn Sci. 2009;13(7):293–301.
Friston K, Frith C. A Duet for one. Conscious Cogn.
2015;36:390–405.
Adams RA, Stephan KE, Brown HR, Frith CD, Friston KJ.
The computational anatomy of psychosis. Front Psychiatry.
2013;4:47.
Corlett PR, Frith CD, Fletcher PC. From drugs to deprivation: a Bayesian framework for understanding models of
psychosis. Psychopharmacology (Berl). 2009;206(4):515–530.
Fletcher PC, Frith CD. Perceiving is believing: a Bayesian approach to explaining the positive symptoms of schizophrenia.
Nat Rev Neurosci. 2009;10(1):48–58.
Sterzer P, Adams RA, Fletcher P, et al. The predictive coding
account of psychosis. Biol Psychiatry. 2018;84(9):634–643.
Corlett PR, Horga G, Fletcher PC, Alderson-Day B,
Schmack K, Powers AR 3rd. Hallucinations and strong
priors. Trends Cogn Sci. 2019;23(2):114–127.

1351

J. M. Gold et al

67. Helmholtz von H. The Facts of Perception. In: Kahl R, ed.
Selected Writings of Herman von Helmholtz. Middletown,
CT: Wesleyan University Press; 1878/1971.
68. Howes O, McCutcheon R, Stone J. Glutamate and dopamine in schizophrenia: an update for the 21st century. J
Psychopharmacol. 2015;29(2):97–115.
69. Girgis RR, Zoghbi AW, Javitt DC, Lieberman JA. The past
and future of novel, non-dopamine-2 receptor therapeutics
for schizophrenia: a critical and comprehensive review. J
Psychiatr Res. 2019;108:57–83.
70. Terry AV Jr, Callahan PM. α7 nicotinic acetylcholine receptors as therapeutic targets in schizophrenia: update on
animal and clinical studies and strategies for the future.
Neuropharmacology 2020;170:108053.
71. Stahl SM. Beyond the dopamine hypothesis of schizophrenia
to three neural networks of psychosis: dopamine, serotonin,
and glutamate. CNS Spectr. 2018;23(3):187–191.
72. Marshall L, Mathys C, Ruge D, et al. Pharmacological
fingerprints of contextual uncertainty. PLoS Biol.
2016;14(11):e1002575.
73. Feeney EJ, Groman SM, Taylor JR, Corlett PR.
Explaining delusions: reducing uncertainty through
basic and computational neuroscience. Schizophr Bull.
2017;43(2):263–272.
74. Fineberg SK, Corlett PR. The doxastic shear pin: delusions
as errors of learning and memory. Cogn Neuropsychiatry.
2016;21(1):73–89.
75. Kapur S. Psychosis as a state of aberrant salience: a framework linking biology, phenomenology, and pharmacology in
schizophrenia. Am J Psychiatry. 2003;160(1):13–23.
76. Corlett PR, Honey GD, Fletcher PC. From prediction error
to psychosis: ketamine as a pharmacological model of delusions. J Psychopharmacol. 2007;21(3):238–252.
77. Corlett PR, Krystal JH, Taylor JR, Fletcher PC. Why do delusions persist? Front Hum Neurosci. 2009;3:12.
78. Corlett PR, Taylor JR, Wang XJ, Fletcher PC, Krystal JH.
Toward a neurobiology of delusions. Prog Neurobiol.
2010;92(3):345–369.
79. Cassidy CM, Balsam PD, Weinstein JJ, et al. A perceptual inference mechanism for hallucinations linked to striatal dopamine. Curr Biol. 2018;28(4):503–514.e4.
80. Powers AR, Mathys C, Corlett PR. Pavlovian conditioninginduced hallucinations result from overweighting of perceptual priors. Science 2017;357(6351):596–600.
81. Alderson-Day B, Lima CF, Evans S, et al. Distinct processing
of ambiguous speech in people with non-clinical auditory
verbal hallucinations. Brain 2017;140(9):2475–2489.
82. Horga G, Abi-Dargham A. An integrative framework for
perceptual disturbances in psychosis. Nat Rev Neurosci.
2019;20(12):763–778.
83. Kafadar E, Mittal VA, Strauss G, et al. Modeling perception
and behavior in individuals at clinical high risk for psychosis:
support for the predictive processing framework. Schizophr
Res. doi:10.1016/j.schres.2020.04.017.
84. Strauss GP, Gold JM. A new perspective on anhedonia in
schizophrenia. Am J Psychiatry. 2012;169(4):364–373.
85. Gold JM, Waltz JA, Prentice KJ, Morris SE,
Heerey EA. Reward processing in schizophrenia: a
deficit in the representation of value. Schizophr Bull.
2008;34(5):835–847.

1352

86. Heerey EA, Bell-Warren KR, Gold JM. Decision-making impairments in the context of intact reward sensitivity in schizophrenia. Biol Psychiatry. 2008;64(1):62–69.
87. Barch DM, Carter CS, Gold JM, et al. Explicit and implicit
reinforcement learning across the psychosis spectrum. J
Abnorm Psychol. 2017;126(5):694–711.
88. Collins AGE, Albrecht MA, Waltz JA, Gold JM, Frank MJ.
Interactions among working memory, reinforcement
learning, and effort in value-based choice: a new paradigm
and selective deficits in schizophrenia. Biol Psychiatry.
2017;82(6):431–439.
89. Collins AG, Brown JK, Gold JM, Waltz JA, Frank MJ. Working
memory contributions to reinforcement learning impairments
in schizophrenia. J Neurosci. 2014;34(41):13747–13756.
90. Gold JM, Waltz JA, Matveeva TM, et al. Negative symptoms
and the failure to represent the expected reward value of actions: behavioral and computational modeling evidence. Arch
Gen Psychiatry. 2012;69(2):129–138.
91. Reinen J, Smith EE, Insel C, et al. Patients with schizophrenia
are impaired when learning in the context of pursuing rewards. Schizophr Res. 2014;152(1):309–310.
92. Hernaus D, Frank MJ, Brown EC, Brown JK, Gold JM,
Waltz JA. Impaired expected value computations in schizophrenia are associated with a reduced ability to integrate
reward probability and magnitude of recent outcomes. Biol
Psychiatry Cogn Neurosci Neuroimaging. 2019;4(3):280–290.
93. Gold JM, Waltz JA, Frank MJ. Effort cost computation in
schizophrenia: a commentary on the recent literature. Biol
Psychiatry. 2015;78(11):747–753.
94. Cooper JA, Barch DM, Reddy LF, Horan WP, Green MF,
Treadway MT. Effortful goal-directed behavior in schizophrenia: computational subtypes and associations with cognition. J Abnorm Psychol. 2019;128(7):710–722.
95. Le Heron C, Plant O, Manohar S, et al. Distinct effects of
apathy and dopamine on effort-based decision-making in
Parkinson’s disease. Brain 2018;141(5):1455–1469.
96. Waltz JA, Gold JM. Motivational deficits in schizophrenia
and the representation of expected value. Curr Top Behav
Neurosci. 2016;27:375–410.
97. Dandash O, Pantelis C, Fornito A. Dopamine, fronto-striatothalamic circuits and risk for psychosis. Schizophr Res.
2017;180:48–57.
98. Maia TV, Frank MJ. An integrative perspective on the role of
dopamine in schizophrenia. Biol Psychiatry. 2017;81(1):52–66.
99. McCutcheon RA, Abi-Dargham A, Howes OD.
Schizophrenia, dopamine and the striatum: from biology to
symptoms. Trends Neurosci. 2019;42(3):205–220.
100. Weinstein JJ, Chohan MO, Slifstein M, Kegeles LS, Moore H,
Abi-Dargham A. Pathway-specific dopamine abnormalities
in schizophrenia. Biol Psychiatry. 2017;81(1):31–42.
101. Oliver D, Radua J, Reichenberg A, Uher R, Fusar-Poli P.
Psychosis Polyrisk Score (PPS) for the detection of individuals at-risk and the prediction of their outcomes. Front
Psychiatry. 2019;10:174.
102. Phillips WA, Silverstein SM. Convergence of biological and
psychological perspectives on cognitive coordination in schizophrenia. Behav Brain Sci. 2003;26(1):65–82; discussion 82.
103. Uhlhaas PJ, Silverstein SM. Perceptual organization in
schizophrenia spectrum disorders: empirical research and
theoretical implications. Psychol Bull. 2005;131(4):618–632.

