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ABSTRACT

Objective: We conducted a systematic, qualitative review of risk prediction
models designed and tested for depression, bipolar disorder, generalized
anxiety disorder, posttraumatic stress disorder, and psychotic disorders.
Our aim was to understand the current state of research on risk prediction
models for these 5 disorders and thus future directions as our field moves
toward embracing prediction and prevention.

Data Sources: Systematic searches of the entire MEDLINE electronic
database were conducted independently by 2 of the authors (from 1960
through 2013) in July 2014 using defined search criteria. Search terms
included risk prediction, predictive model, or prediction model combined with
depression, bipolar, manic depressive, generalized anxiety, posttraumatic, PTSD,
schizophrenia, or psychosis.

Study Selection: We identified 268 articles based on the search terms and 3
criteria: published in English, provided empirical data (as opposed to review
articles), and presented results pertaining to developing or validating a

risk prediction model in which the outcome was the diagnosis of 1 of the 5
aforementioned mental ilinesses. We selected 43 original research reports as
afinal set of articles to be qualitatively reviewed.

Data Extraction: The 2 independent reviewers abstracted 3 types of data
(sample characteristics, variables included in the model, and reported model
statistics) and reached consensus regarding any discrepant abstracted
information.

Results: Twelve reports described models developed for prediction of major
depressive disorder, 1 for bipolar disorder, 2 for generalized anxiety disorder,
4 for posttraumatic stress disorder, and 24 for psychotic disorders. Most

studies reported on sensitivity, specificity, positive predictive value, negative
predictive value, and area under the (receiver operating characteristic) curve.

Conclusions: Recent studies demonstrate the feasibility of developing risk
prediction models for psychiatric disorders (especially psychotic disorders).
The field must now advance by (1) conducting more large-scale, longitudinal
studies pertaining to depression, bipolar disorder, anxiety disorders,

and other psychiatric illnesses; (2) replicating and carrying out external
validations of proposed models; (3) further testing potential selective and
indicated preventive interventions; and (4) evaluating effectiveness of such
interventions in the context of risk stratification using risk prediction models.
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Risk prediction models are statistical models
used to estimate the probability that a currently
unaffected individual will develop a condition in the
future.! Specifically, such models, derived from large
studies, estimate the risk of individuals developing
future outcomes based on 1 or more underlying
characteristics (risk factors or predictors).?
Prognostic prediction models use combinations of
predictors to estimate the absolute probability that
a certain outcome will occur within a specific time
period in an individual with a particular predictor
profile.

Although work toward developing risk prediction
models is relatively nascent in psychiatry, other fields
of medicine have carried out extensive research
on such models. For example, to assess the risk of
breast cancer in healthy women, one of the most
widely used tools is the Gail model (also known as
the Breast Cancer Risk Assessment Tool).* Initially
developed in 1989, it was first validated in Caucasian
women and then modified for different races and
ethnicities (though even with the modifications, it
underestimates risk in African American women
and overestimates risk in Asian women).’ It is
used to estimate the 5-year risk of invasive breast
cancer.* The original Gail model was based on
follow-up of Caucasian women undergoing annual
mammographic screening through the Breast
Cancer Detection Demonstration Project.® It relied
on 5 risk factors: age, age at menarche, the number of
previous breast biopsies, age at first live birth, and the
number of first-degree relatives with breast cancer.
The National Surgical Adjuvant Breast and Bowel
Project modified this model by precluding its use
among women with a history of ductal carcinoma in
situ and including the risk factor of atypical ductal
hyperplasia on breast biopsy.®

Another commonly known risk prediction model
produces the Framingham risk score (FRS) for the
prediction of 10-year coronary event risk among
individuals without previously diagnosed coronary
heart disease (CHD).” Widely regarded as the gold
standard in CHD risk assessment tools, the FRS was
developed from the Framingham Heart Study® and
has been validated in multiple populations.® The
Framingham Heart Study is a long-term and ongoing
cardiovascular study; it began in 1948 and has
provided substantial insight into the epidemiology
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of and Tisk factorsfor cardiovasculardisease. ' Two Vetsions
of the FRS are currently in use. The first version® was
published in 1998 and includes age, sex, smoking history,
blood pressure, cholesterol, high-density lipoprotein
cholesterol, and blood glucose level or history of diabetes’s
it evaluates CHD risk among individuals who are free of
CHD at presentation.” The second version was published
within the National Cholesterol Education Program Adult
Treatment Panel III guideline and includes hypertension
medication status among its inputs. Furthermore, its use is
precluded among those with a diabetes diagnosis (because
type 2 diabetes was considered to be a CHD “risk equivalent,”
having the same 10-year risk as individuals with prior CHD),
thereby making the second version of the FRS applicable
only to individuals without CHD or diabetes.’ Several studies
have reported factors that offer additional predictive value
beyond what the FRS achieves; however, limited evidence on
these modified models remains.!!

Risk prediction has 2 different objectives. One is to assign
to each individual in the population sampled a score based
on some combination of baseline factors, which can be
translated into an estimate of that individual’s probability
of having onset of a specific disorder in a subsequent
period of time. The FRS is such a score, applicable (in its
original form) to a community population of those without
previously diagnosed CHD. The outcome is onset of CHD
in the subsequent 10 years (eg, a score of 12% means that
12 of 100 people with the particular level of risk based on
the predictor values will have a heart attack in the next 10
years). The predictors, all measured at the time of entry
into the study, included age, sex, smoking history, etc, and
the model assigned weights to those predictors to derive a
score. The other objective is to classify each individual as
“high risk” or “low risk,” a binary classification, based on a
certain cut point, usually done to identify those high-risk
individuals who warrant a particular preventive intervention
(eg, therapeutic lifestyle changes and possibly a low-density
lipoprotein (LDL)-lowering drug for those with a 10-year
risk >20% who have an LDL level above the target).

Assessing a risk prediction model’s validity consists of
2 main phases: model development (including internal
validation using the same data or data source) and external
validation (using new data from a different source).
Validation requires demonstrating that the model is accurate
in the population for whom it is intended. This process
must ascertain the model’s ability to distinguish between
individuals with different outcomes (“discrimination”) and
show the level of agreement between predicted and observed
risks in groups of individuals with similar risk predictions
(“calibration”).? Several statistical approaches and machine
learning algorithms are used to develop predictive models.
When the number of predictors being examined is relatively
small relative to the sample size, the typically used statistical
approaches to developing predictive models include Cox
regression, logistic regression, and classification and
regression trees (CART). When the number of predictors is
large relative to the sample size, a commonly used method
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B The development and validation of risk prediction models,
which are crucial to the goal of prevention, have been
largely neglected to date for many psychiatric ilinesses.

B Risk prediction models for psychiatric disorders are
feasible and could ultimately provide clinicians with
valuable information regarding the level of risk for onset
of a specific condition within a particular time frame.
Proven preventive interventions could then be provided
in a targeted fashion.

B Although much more research is clearly needed, risk
prediction models hold promise for accurately stratifying
risk and targeting interventions to avert the onset of
psychiatric disorders.

is the support vector machine (SVM).!? The SVM is a
supervised machine classifier, widely used in many domains
because it performs well on high dimensional data (ie,
those with more variables included)'?; it is able to classify
individuals into predefined groups. In recent years, the SVM
approach has been successfully applied to disease diagnosis,
prediction of transition from latent to overt disease, and
treatment prognosis.'®

The choice of statistical methods has implications for the
accuracy and interpretation of the model. For a thorough
discussion of each, including strengths and weaknesses, see
Ahmed etal, Strobl et al,'> and Wu and Lee.!* CART-derived
risk prediction models are fit with bootstrap aggregating
(bagging) and boosting (bias reduction for a single tree)
techniques.!® Using these methods allows for more flexible
regression model fitting by permitting selection of covariates
without predefined (parametric or nonparametric)
relationships with the outcomes. In some instances, these
models have been shown to be superior to other regression
models, particularly with complex datasets.®!”

The traditional statistical approach is to quantify how
close predictions are to the actual outcome using measures
such as explained variation and the Brier score. Performance
can be quantified further in terms of calibration (ie, Do
approximately X of 100 patients with a risk prediction
of X% have the outcome?) using a goodness-of-fit test.
Furthermore, discrimination is essential (ie, Do patients
who have the outcome have higher risk predictions than
those who do not?), which can be quantified with measures
such as sensitivity, specificity, and the area under the curve
(AUC), or concordance statistic, the latter indicating the
discriminative ability of generalized linear regression
models. For a binary outcome, the concordance is identical
to the AUC, which plots the sensitivity against the false-
positive rate (or 1 -specificity), for consecutive cutoffs for
the probability of an outcome.'® Thus, AUC is defined as
the probability that the predicted probability of a randomly
selected diseased subject will exceed that of a randomly
selected nondiseased subject plus half the probability of a
tie. The AUC is a value between 0.5 and 1.0, with a higher
value indicating better prediction performance. A prediction
model with an AUC value of 0.5 is no better than tossing a
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coin, and at the other extreme, amodel with an AUC
value of 1.0 is a perfect model, with 100% accurate
predictions.'* For systematic reviews, the success
rate difference (SRD), a generalized version of the
AUC, is commonly reported. The SRD is defined
as the difference between the probability that a
diseased person has a higher predicted probability
of occurrence than a nondiseased person and the
probability that a nondiseased person has a higher
predicted probability of disease occurrence than
a diseased person.!®?® The SRD corresponds to
an effect size defined by Cohen d, and for binary
outcomes and ordinal predictors, is equivalent to
Kendall 1. Traditional measures for binary and
survival outcomes include the Brier score to indicate
overall model performance, the concordance
statistic for discriminative ability (AUC), and
goodness-of-fit statistics for calibration.'®

For binary classification, where the classes are
often called positive and negative classes, different
classification outcomes include true positive, true
negative, false positive, and false negative, according
to what the predicted class and true underlying
class were. The simplest and often most relevant
performance measure in a classification task is the
percentage of correctly made classifications. This
classification performance is called accuracy and is
defined simply as the ratio of correct classifications
to all classifications. While classification
performance measures the overall accuracy of the
classifier, it loses information about the distribution
of true and false positives and negatives. Different
performance measures have been developed for
measuring different types of errors. Four basic
measures are sensitivity, or true-positive rate;
specificity, or true-negative rate; positive predictive
value (PPV), or precision; and negative predictive
value (NPV). Sensitivity and specificity are often
used together to assess the distribution of correctly
made positive and negative classifications.?!

The accuracy of the classification is indicated
by the PPV (the probability that a “high-risk”
individual subsequently has onset in the specified
time period) and NPV (the probability that a
“low-risk” individual remains free of onset in
the specified time period). PPV and NPV have
meaning only in relation to each other, or in relation
to the incidence of onset during the specified time
period. PPV + NPV -1 must be greater than 0 for
nonrandom decision making.

In recent years, there have been increased
research efforts focused on reducing the incidence
of mental disorders, and there is now substantial
cause for optimism regarding the opportunities
for prevention.?? Risk prediction models are key
to advancing the goals of prevention. Despite the
evidence for the effectiveness and cost-effectiveness

Figure 1. PRISMA Diagram for the Systematic Review
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aThe 235 citations were excluded for the following reasons: review articles on the topic
(5), original articles on the topic written in languages other than English (4), original
articles on the topic but describing prediction of subdiagnostic symptomatology (4),
articles about prediction of conditions/diseases other than psychiatric (115), articles
about prediction of psychiatric conditions/diseases off our topic (83), and other
articles (24).

of a number of preventive interventions within the mental health
field, research focused on the prediction of mental disorders remains
insufficient. Improving prevention will require better predictive
capabilities as well as effective interventions to prevent mental
illnesses.

Given that accurate prediction of risk is a first step toward
successful prevention within psychiatry and allied disciplines, we
conducted a systematic review of risk prediction models designed
and tested for a number of major psychiatric disorders: depression,
bipolar disorder, generalized anxiety disorder, posttraumatic stress
disorder, and schizophrenia and other primary psychotic disorders.
Our goal was to summarize the literature to date on risk prediction
models for these 5 disorders and give recommendations for future
research directions as our field moves toward embracing prediction
and prevention.

METHODS

Systematic searches of the MEDLINE electronic database (from
1960 through 2013) were conducted independently by the first 2
authors in July 2014. The year 1960 was selected as the start date
for the search partly because it was only in the second half of the
twentieth century that the science of risk prediction models was
developed. Search terms included risk prediction, predictive model, or
prediction model combined with depression, bipolar, manic depressive,
generalized anxiety, posttraumatic, PTSD, schizophrenia, or psychosis.
As depicted in Figure 1, we compiled articles that (1) were published
in English, (2) provided empirical data (as opposed to reviews or
commentaries), and (3) presented results pertaining to developing
or validating a risk prediction model in which the outcome was the
diagnosis of 1 of the 5 aforementioned mental illnesses. The titles and
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abstracts of all'identified citations were screened based on
the defined inclusion criteria. All references within included
studies and those of any previous pertinent reviews were
carefully reviewed to identify additional relevant studies. Any
articles published after the search date that became known
to the investigative team were also included. Consensus was
then derived, resulting in a final set of articles that would
be reviewed and summarized. Based on the above search
terms and criteria, 268 articles were initially identified.
From this list, we selected 30 original research reports.
Additionally, 13 original research articles were identified
from 5 review articles.'>?*-26 Four non-English articles,?’ -3
though potentially relevant to the review, were excluded.
The 2 independent reviewers then abstracted 3 types of
data elements (sample characteristics, variables included
in the model, and reported model statistics) and again
came together to reach consensus regarding any discrepant
abstracted information. Table 1 summarizes findings,
including only the 21 articles developing a prognostic score
(risk prediction) or binary classification (classification for
preventive intervention). For risk prediction models, when
data were available, the calculation SRD=(2x AUC)-1
was included; effect sizes equivalent to Cohen d “small
“medium,” and “large” are SRDs of 11%, 28%, and 43%,
respectively. For binary classification models, we included
2 indicators: PPV +NPV -1 and sensitivity + specificity - 1.
Due to dichotomization, prediction indicators will almost
always be higher than classification indicators. Select studies
are described below. Otherwise informative articles are
summarized in Table 2.

RESULTS

With regard to models developed for the prediction
of major depressive disorder, we identified 12 relevant
reports.’13>2-%8 Among them, 5 focused on samples of
patients with medical disorders (specifically, rheumatoid
arthritis,® traumatic brain injury,®" intracerebral
hemorrhage,®* prior history of depression,*® and stroke®®),
only 2 involved individuals in the general population,**® and
5 focused on specific demographic groups (eg, adolescents,*
new mothers,>® older adults,>>>” spouses of women with
breast cancer®*). Regarding the former type of study, the
best-performing predictive model was developed among
382 patients recently hospitalized for stroke; it demonstrated
PPV, NPV, AUC, and SRD of 94%, 33%, 78%, and 56%,
respectively.’®> Regarding the other studies pertaining
to depression, the most informative study*? described a
model developed using data from 4,791 adolescents, which
demonstrated PPV, NPV, AUC, and SRD of 64%, 89%, 80%,
and 60%, respectively.

In terms of models for the prediction of bipolar disorder,
we found only 1 relevant report.*® It was developed using
data from 268 Chinese patients with a major depressive
episode and demonstrated PPV, NPV, AUC, and SRD of 87%,
67%, 85%, and 70%, respectively, with significant predictors
(P<.001) including age at first onset, maximum duration

Risk Prediction Models in Psychiatry

of’depressive episodes, somatalgia, hypersomnia, diurnal
variation of mood, and irritability.>®

We identified 2 relevant reports on the development
of prediction models for generalized anxiety disorder.?”->
The best-performing predictive model was derived using
data from 271 participants (60 with lupus, 50 with gout,
100 with rheumatoid arthritis, and 61 healthy controls) and
demonstrated PPV, NPV, AUC, and SRD of 81%, 85%, 90%,
and 80%, respectively.”’

Our search revealed 4 reports on risk prediction
models for PTSD. The largest-sample study included 25,478
people, ages 16 years and older, affected by the 1998 floods
in Hunan, China, and demonstrated PPV, NPV, AUC, and
SRD of 23%, 98%, 85%, and 71%, respectively.*® The study
conducted by Boscarino et al* among 2,368 New York City
residents after the September 11, 2001, World Trade Center
attacks demonstrated PPV, NPV, AUC, and SRD of 34%, 99%,
94%, and 89%, respectively. Russo et al*’ conducted a study
analyzing electronic medical record data of 878 hospitalized
injury survivors, demonstrating PPV, NPV, AUC, and SRD of
58%, 78%, 72%, and 44%, respectively.

With regard to models developed for the prediction of
schizophrenia and other primary psychotic disorders, we
identified 24 relevant reports,*!~>:61"73 primarily focused
on samples of “at-risk,” “ultra-high risk,” or presumably
“prodromal” young people. We will briefly review only 2 of
the studies*®™! that appear to be most impactful in this rapidly
evolving field. Perhaps the best-performing predictive model
related to 179 subjects and demonstrated PPV, NPV, AUC, and
SRD of 83%, 87%, 81%, and 62%, respectively.*® Significant
predictors (P<.001) included psychopathology and life
functioning. Another study®! included 58 clinical high-risk
subjects and demonstrated PPV, NPV, AUC, and SRD of 70%,
94%, 91%, and 82%, respectively.

For all models in the systematic review, assumption of
nonrandomness was never violated based on our calculation.
In addition, AUC and SRD values were all high, indicating
that the risk prediction models reviewed have acceptable levels
of discrimination. Several other studies’"”” were identified
pertaining to the prediction of subdiagnostic symptomatology
(eg, depressive symptoms following stroke, depressive
symptoms in children), which are not reviewed herein.

38-40,60

DISCUSSION

Although the field of risk prediction in mental health
lags behind other areas of medicine (eg, breast cancer,
cardiovascular disease), a number of promising studies
have been conducted to begin to ascertain the operative
combinations of risk factors for a number of psychiatric
disorders. These models must be successfully replicated and
validated in multiple samples external to the one used for the
model development phase. This often takes many years to
achieve. The use of risk prediction models must be thoroughly
evidence based, with research demonstrating that the model
is reliable and applicable to the intended populations of
individuals.”®
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Concerning major depressive disorder, bipolar disorder,
and generalized anxiety disorder, our review found that there
is not a well-established group of predictive variables. Future
investigations should try to increase prediction accuracy using
sociodemographic, environmental, neuropsychological, and
biologic variables in different samples of at-risk individuals.

Among the psychiatric disorders we examined, the
greatest progress appears to be in the area of psychotic
disorders. This is probably because several clinical prodromal
states have been defined (eg, attenuated psychotic symptoms
syndrome, brief and intermittent psychotic symptoms) and
there are now specific research diagnostic criteria for these
prodromal syndromes. Efforts to establish a prevention
approach to schizophrenia have focused on developing
and validating criteria for identifying individuals at risk
for imminent onset of psychosis (ie, clinical high-risk or
prodromal adolescents and young adults) and following
them over time.®* The identification and refinement of
prodromal states (and prodrome research consortia)
for other psychiatric conditions (eg, generalized anxiety
disorder) would bring greater attention to prediction and
prevention of such psychiatric conditions. It is likely that
the method with greatest success will employ, depending on
the proportion of the outcome in the population (see Table
2), a 2-step approach: one step aimed at the identification of
individuals who appear to be prodromal or at elevated risk
(who could be offered “selective preventive interventions”)
and another step that seeks to further stratify risk so that
“indicated preventive interventions” can be given to those
in the highest risk stratum in an even more targeted and
intensive fashion.

Validation is extremely important in developing risk
prediction models. To be useful for clinicians, a prediction
model must provide accurate estimates of the risks, and the
use of those estimates should improve management and
therapeutic decision making and, consequently, (relevant)
individuals’ outcomes and cost-effectiveness of care.
Validation studies are crucial because the performance
of most developed and internally validated prediction
models, when applied to new individuals, is poorer than the
performance seen in the sample in which it was developed.?
The lack of internal and external validation of the models
given in Table 1 indicates that the science of risk prediction
models in psychiatry is nascent.

As noted by Paulus,” psychiatry needs to pragmatically
address prediction as an alternative focus for testing
hypotheses about clinically relevant issues in the field. One
possible obstacle to developing risk prediction models
in psychiatry is the prominent lack of availability of
biological markers of disease. Another obstacle may be the
misperception among clinicians and journal reviewers that
a particular discrimination value (eg, an AUC threshold of
0.80) is required before clinical adoption. In most prediction
algorithms, including those pertaining to the FRS, the AUC
often ranges from 0.75 to 0.80.%

However, risk prediction is only as helpful as the
preventive interventions available. That is, risk prediction

Risk Prediction Models in Psychiatry

models are useful only if those identified as high'risk can'be
provided an effective preventive intervention. For example,
in the field of cardiovascular disease, the FRS can be easily
used by primary care physicians to help in deciding on the
best approach to risk reduction (eg, recommending and
facilitating lifestyle modifications such as smoking cessation
and blood pressure and lipid monitoring and control),
thereby ultimately reducing morbidity and mortality.
Despite the availability of several validated risk prediction
algorithms, their use has lagged in primary care.®! If valid
predictive models are developed, then just as much work
needs to be done on figuring out how to make them easily
applicable and useful for clinicians. In fact, the final step
toward implementation of a validated prediction model is
the quantification of its impact in clinical care. Although
this final step is important to improve health care, literature
shows that impact studies are even less frequently performed
than validation studies.®?

As research on risk prediction models advances in our
field, so must the discovery of preventive interventions. In
the area of psychosis, for example, in addition to tertiary
prevention®*—from pharmacotherapy to prevent relapse, to
psychosocial and family-based strategies,* which prevent
some of the worst consequences of the illness, such as
suicide®®—true primary preventive strategies must be
developed. One such potential preventive intervention (an
“indicated preventive intervention” for those deemed to
be at ultra-high risk) that is being studied for preventing
the transition from a high-risk state to frank psychosis
is the use of omega-3 fatty acids that are thought to be
neuroprotective.3%” All such preventive interventions will
ultimately need to be studied in randomized controlled trials,
with replications being performed in independent samples.
The 2 areas of research on risk prediction and preventive
intervention development must work hand in hand to make
the prevention of mental disorders a realistic goal.

Several methodological limitations of our systematic,
qualitative review must be acknowledged. First, to make the
review feasible, we chose to focus on risk prediction models
for only 5 types of psychiatric illnesses, excluding other
behavioral disorders (eg, Alzheimer’s disease, obsessive-
compulsive disorder, substance use disorders). Second, we
excluded articles published in languages other than English.
Third, given the relative scarcity of research on this topic to
date, and the variability across studies, we were not able to
conduct a quantitative systematic review or meta-analysis.
Meta-analytic results would be useful to provide important
information regarding common predictors and the predictive
power of existing models, but these are infeasible at present
given the very limited state of research in this neglected area
of clinical psychiatry.

In summary, risk prediction models can be feasibly
developed for diverse psychiatric disorders just as they
have been for chronic medical conditions. Measures of
discrimination and calibration of risk prediction models
reported to date have been reasonable, and our calculations
revealed that the assumption of nonrandomness was
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never violated among the models reported in Table 1 and
that SRD values indicate that the models reviewed have
acceptable levels of discrimination. The initial identification
of a potentially accurate model must be followed by external
validation and further refinements, which has not yet been
done for these models. Validation research is needed.
Ultimately, for such models to be useful in clinical settings,
the predictor variables must be readily available and easy
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