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Abstract

The widespread adoption of electronic health record (HERS) in healthcare systems has created a
vast and continuously growing resource of clinical data and provides new opportunities for
population-based research. In particular, the linking of EHRs to biospecimens and genomic data in
biobanks may help address what has become a rate-limiting study for genetic research: the need
for large sample sizes. The principal roadblock to capitalizing on these resources is the need to
establish the validity of phenotypes extracted from the EHR. For psychiatric genetic research, this
represents a particular challenge given that diagnosis is based on patient reports and clinician
observations that may not be well-captured in billing codes or narrative records. This review
addresses the opportunities and pitfalls in EHR-based phenotyping with a focus on their
application to psychiatric genetic research. A growing number of studies have demonstrated that
diagnostic algorithms with high positive predictive value can be derived from EHRs, especially
when structured data are supplemented by text mining approaches. Such algorithms enable semi-
automated phenotyping for large-scale case-control studies. In addition, the scale and scope of
EHR databases have been used successfully to identify phenotypic subgroups and derive
algorithms for longitudinal risk prediction. EHR-based genomics are particularly well-suited to
rapid look-up replication of putative risk genes, studies of pleiotropy (phenomewide association
studies or PheWAS), investigations of genetic networks and overlap across the phenome, and
pharmacogenomic research. EHR phenotyping has been relatively under-utilized in psychiatric
genomic research but may become a key component of efforts to advance precision psychiatry.
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The implementation of electronic health records (EHRs) in US healthcare systems has
expanded dramatically over the past decade, fueled in part by passage of the federal
HITECH Act (2009) that provided funding incentives for “meaningful use” of EHRs.
[Blumenthal 2011] Comprehensive, longitudinal data captured in EHRS provide a
continuously growing repository of clinical and phenotypic data that can enable low-cost
population-based studies on a large scale. In particular, the linking of EHR data with
biorepositories provides a new platform for psychiatric genetic research. In addition to the
use of structured codified data (e.g. demographics, diagnostic codes, medications, laboratory
and procedure codes), text mining by natural language processing (NLP) allows the accrual
and analysis of detailed, longitudinal clinical data for research purposes.

EHRs provide a unique opportunity for psychiatric research in a variety of domains
including epidemiologic studies of risk and resilience factors, pharmacoepidemiology, and
genomic and biomarker research. The major advantages of EHR-based research are the large
scale and low cost of data collection. The vast repositories of longitudinal health data being
collected in health systems across the United States provide ample power for a variety of
research applications. Because these data are collected through ongoing clinical care, they
are available at much lower cost than would be required for traditional clinical research.
However, these advantages come with parallel challenges. The fact that EHR data are
generated to serve clinical care and facilitate billing for that care means that they may not be
optimal for research purposes. For example, diagnostic data captured in billing codes
(typically based on ICD-9 or ICD-10) may have questionable validity. Relevant outcomes
and covariates (e.g. lifestyle, family history, and environmental variables) may not be
routinely available in the EHR. A patient’s care may be fragmented across different
healthcare organizations so that a single EHR may not adequately capture relevant data. The
timing of data collection depends on an individual’s encounters with the healthcare provider.
The allocation of diagnostic testing and treatments may be confounded by other covariates
of interest (“confounding by indication™). Each of these features can complicate causal
inferences in EHR-based research. Thus, while EHR-based research has already proven to
be a useful resource for biomedical and genetic research, investigators must be thoughtful in
their methodologic approach and mindful of its limitations.

In this review, | will highlight key features of EHR research with particular attention the
opportunities and challenges involved in psychiatric phenotyping. | will focus on the utility
of EHRs for genomic studies and discuss applications that our group and others have
explored using electronic medical records for epidemiologic and precision medicine
research.

The Phenotypic Landscape of Electronic Health Records.

The widespread use of EHRs is a relatively recent phenomenon. For example, in 2004, only
21% of US office-based physicians had adopted an EHR, but by 2015, this had risen to 87%,
and 96% of acute-care hospital had a certified EHR system. [Technology. December 2016;
Technology. May 2016] The use of EHRs for research purposes typically involves additional
software platforms that can provide an interface for querying, aggregating, and extracting
clinical data. Phenotypic data in the EHR are generally derived from two sources: structured,
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coded variables (including diagnostic and procedure codes, laboratory values, and
prescription data) and unstructured material (including narrative notes and test
interpretations) produced by clinicians in the course of providing care.

Exploiting these data for research purposes typically requires software platforms that include
the creation of relational databases that extract EHR data into a platform that allows users to
query the EHR for phenotypic data from these multiple data streams. (see Figure 1A) The
use of unstructured material requires more sophisticated computational methods of which
NLP is the most widely used. NLP combines computer science and linguistic methods to
parse free text (natural language) into parts of speech that can be mapped to standardized
concepts or structured data. NLP systems also recognize linguistic context and negation
terms (e.g. “not” “no history of”) that could otherwise result in misclassification of a target
concept. A number of databases and ontologies (e.g. the Unified Medical Language System,
UMLYS) are available to map related textual terms and “regular expressions” to structured
concepts. [Jensen and others 2012; Liao and others 2015]. In recent years, the integration
and sharing of EHR data across healthcare systems has become possible through the
implementation of “common data models” (e.g. PCORnet and OMOP) that organize
information from different systems into a common standardized format.

Phenotyping algorithms: Validity and Accuracy

Perhaps the most fundamental question facing investigators utilizing the EHR is: how valid
are the phenotypes? Imagine a common scenario in which one would like to identify cases
and controls for an epidemiologic or genomic study of, say, depression. A simple solution to
selecting cases might be to query the EHR using a rule-based algorithm that selects all
patients with an ICD-10 code of major depressive disorder (296.2x— 296.3x). Controls could
be chosen from among those who never received a depression-related diagnosis. It is perhaps
obvious that such a scheme would be likely to misclassify a substantial proportion of cases
and controls. For one thing, ICD codes in the clinical record are primarily used for billing
rather than research purposes. In some cases, these codes are assigned by non-clinical staff
involved in billing and reimbursement rather than clinicians themselves. Or the diagnosis
may have been given by a primary care doctor who felt that it was “close enough” for the
purposes of justifying prescription of an SSRI to a patient seeking relief from distress. The
diagnostic rigor and precision that would be desired for a research study may not apply. In
addition, a single instance of a billing code for major depressive disorder (MDD) may have
been assigned to a patient who presented with a depressive episode but later experienced a
manic episode—that is, a patient who ultimately was determined to have bipolar disorder.
Alternatively, the patient’s presumed diagnosis of MDD might have later been felt to be an
adjustment disorder or an anxiety disorder.

To address these concerns, investigators utilizing EHR data have typically used one (or both)
of two approaches to enhance phenotypic precision. The first utilizes phenotypic algorithms
that use filters and rule-based algorithms based on codified, structured data. For example,
cases of MDD might be required to have at least two ICD codes for MDD as well as
treatment with one or more antidepressants. From this pool, one might exclude individuals
with any diagnosis of bipolar disorder and other disorders that might be confused with
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MDD. Controls might be chosen to have never received a diagnosis of MDD and to have
passed through the typical age of risk (e.g. age at least 30 years). The second approach is to
incorporate information from unstructured text in the EHR, typically using NLP. The
advantage of NLP is that it can incorporate more information relevant to valid phenotypes
including symptoms and outcomes reported in narrative notes. For example, an NLP-based
algorithm to identify MDD cases might require text documenting depressive symptoms (e.g.
depressed mood, anhedonia, neurovegetative symptoms) that are not captured by coded
variables. The disadvantage is that it can be methodologically more complicated and time-
consuming to derive and validate algorithms that incorporate free text. A recent systematic
review of EHR-based case ascertainment for 41 conditions found that incorporating
narrative text improved case detection above and beyond coded data alone.[Ford and others
2016]

Regardless of the method used to derive phenotyping algorithms or diagnostic rules, their
utility can be gauged by several performance metrics. (Table 1)[see [Wassertheil-Smoller
and Smoller 2015] for review of these concepts). The sensitivity of the algorithm refers to its
ability to correctly identify individuals with the phenotype of interest. In the case of our
algorithm for diagnosing MDD, this would be the proportion of true cases detected by the
algorithm among all cases of MDD. The specificity refers to the algorithm’s ability to
correctly identify those without the phenotype (e.g. the proportion of true negatives among
all individuals without MDD). Sensitivity is the complement of the false negative rate (1-
sensitivity) and specificity is the complement of the false positive rate (1- specificity). Thus,
for example, as the specificity of an algorithm increases, the false positive rate decreases.
Typically, there is also a trade-off between sensitivity and specificity so that increasing one
entails a decrease in the other. For example, we might increase the specificity of MDD cases
by a rule requiring that cases have a history of treatment with electroconvulsive therapy
(ECT). This would be a stringent requirement since ECT would rarely be used in patients
without MDD, resulting in a low false positive rate. However, because most individuals with
MDD don’t receive ECT, the sensitivity (proportion of true cases detected) would be
correspondingly lower.

For algorithms designed to make diagnoses, the optimal diagnostic threshold as a function of
this sensitivity and specificity tradeoff can be quantified using a receiver operating
characteristic (ROC) curve which plots sensitivity vs. the false positive rate (1-specificity).
The goal is to select a threshold that maximizes the area under this curve (AUC). The AUC
is also a measure of the classifier’s discrimination performance—how well it correctly
classifies those with and without the diagnosis of interest. A classifier that results in an AUC
of 0.5 is no better than a coin flip, while an AUC of 1.0 is ideal. In practice, an AUC of 0.80
or higher is considered good.

Importantly, sensitivity and specificity are properties of the algorithm itself and not
dependent on the prevalence of the phenotype in the population to which the algorithm is
applied. However, the actual predictive value of the algorithm can depend strongly on the
prevalence of the disease. In applying the algorithm, we are usually more interested in two
measures of predictive value: 1) the positive predictive value (PPV) or the probability that a
case defined by the algorithm is a true case, and the negative predictive value (NPV) or the
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probability that the phenotype is truly absent when the algorithm says it is absent. As shown
in Table 1, the PPV and the NPV depend on the sensitivity, specificity and the prevalence.
Thus, for a given sensitivity and specificity, when the phenotype is rare, most cases defined
by the algorithm will be false positives. In such a scenario, the PPV can be increased when
the algorithm is applied to a population that is enriched for the phenotype of interest. For
example, if our MDD algorithm has a sensitivity of 90% and a specificity of 90%, its PPV
would be 50% in an unselected population where the prevalence is 10%. However, if we
enrich the sample by first filtering on those who have at least two ICD codes for MDD, the
PPV will be higher. If the true prevalence of MDD in this selected population is, say, 60%,
the PPV is now 93%.

Application: Assembling Case-Control Cohorts for Genomic Studies

In a range of studies, we have pursued psychiatric phenotyping using data from the Partners
HealthCare system’s EHR. [Barak-Corren and others 2016; Blumenthal and others 2014;
Castro and others 2013; Castro and others 2012; Castro and others 2015; Castro and others
2016b; Clements and others 2014; Gallagher and others 2012; Hoogenboom and others
2013; Hoogenboom and others 2014; O’Dushlaine and others 2014; Perlis and others 2012]
The Partners system comprises patients at two major academic medical centers in Boston:
Massachusetts General Hospital (MGH) and Brigham and Women’s Hospital (BWH). An
interface called the Research Patient Data Repository (RPDR) provides researchers with a
real-time, longitudinal and queryable repository of the Partners EHR including more than 4
million patient records. [Nalichowski and others 2006] In an early application of EHR
phenotyping for psychiatric phenotypes, we developed case and control cohorts using NLP
for genomic and biomarker studies of treatment resistant depression (TRD). The procedure
used provides an illustration of the steps involved in deriving phenotypic algorithms. (see
Figure 1B) We first constructed a “datamart” of potential cases from among the millions of
patient EHRs in the RPDR by selecting those with at least one ICD code for MDD (296.2—
296.3). To derive an NLP classifier of treatment response, we utilized the i2b2 suite of
software. [Murphy and others 2009] From the datamart, 5198 patients with MDD and
treatment with at least one antidepressant were selected for study. Three board-certified
clinical psychiatrists reviewed a set of 724 randomly selected visit notes to determine
whether the patient was depressed or well (euthmic/remitted) at the time of each visit. This
“clinical gold-standard” was used for training the NLP classifier described below. While
reviewing the narrative notes, the psychiatrists also identified words or phrases that related
to the clinical status. The i2b2 tools were then used to extract these text elements (“regular
expressions”) for use in building the classifier. Next, LASSO regression models were trained
to predict clinical status (depressed, well or other) at clinical visits. For comparison, models
were trained using three types of predictors: billing codes only; NLP only; or all available
data from billing codes and NLP. A rule-based algorithm was used to classify patients as
having TRD (cases) or treatment-responsive MDD (controls) based on their longitudinal
clinical status after one or more trials of antidepressants and standard definitions of outcome.
And, finally, to validate the phenotype definitions, an expert psychiatrist blinded to the
algorithmic classification reviewed a random sample of patients and classified them based
on standard outcome definitions.

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smoller Page 6

When performance metrics were calculated, the results showed the clear advantages of using
NLP-based phenotyping over billing codes alone. For NLP models with 95% specificity, the
PPV exceeded 0.85, while those based on billing codes alone did not exceed 0.55. To enable
genomic studies, we utilized a laboratory application that links phenotypic data to discarded
blood samples obtained through routine clinical care as they become available. [Murphy and
others 2009] The case/control sets and their corresponding specimens are then deidentified
for use in genomic research. In a proof-of-concept study, we used this method to conduct
genomewide analyses of rare copy number variants (CNVs) in TRD. [O’Dushlaine and
others 2014] This approach also proved useful in examining neural correlates of depression
using brain images obtained during clinical practice (“legacy” scans). We extracted MRI
images from the EHR for patients with and without depression (including TRD) whose
scans indicated no observable pathology and applied automated and manual segmentation
procedures to derive volumetric and white matter structural phenotypes. [Hoogenboom and
others 2013; Hoogenboom and others 2014] Consistent with prior evidence, MDD was
associated with reduced rostral anterior cingulate volume and treatment resistance was
further associated with reduced hippocampal volume. Failure to achieve remission from
MDD was also associated with reduced white matter integrity in limbic tracts (fornix and
cingulum bundle) and with accelerated age-related decline in white matter integrity. While
these analyses provided a proof-of-concept for conducting psychiatric neuroimaging
research based on EHR data, they also illustrated some important challenges. Most
importantly, the strict quality-control measures needed to identify informative patients and
reduce the risk of selection bias in ascertaining clinical MRIs can substantially restrict
sample size. A small fraction of patients with billing diagnoses of MDD and concurrent MRI
data had suitable narrative notes and scans to allow NLP phenotyping of treatment response
and analyses of brain structure.

Nevertheless, these and other studies have demonstrated the utility of using EHR-based
phenotyping for psychiatric research. [Lingren and others 2016] A chief advantage of this
approach is the ability to rapidly perform analyses that would otherwise be prohibitively
costly to perform or require years to assemble adequate study cohorts. It has become clear
that genomic studies of both common diseases (typically by GWAS) and rare disease
(predominantly DNA sequencing studies) require large sample sizes. In the case of common
variant studies of polygenic complex diseases, tens of thousands of cases and controls are
needed to provide adequate power to detect loci of individually modest effect. Studies of
rare variants and rare disease by definition require similar or larger samples to capture
sufficient instances of genotypes and phenotypes of interest.

Still, EHR-based phenotyping for genetic studies will only be valuable if we can be
confident in the validity of the derived phenotypes. Fortunately, a large and growing body of
evidence in other areas of medicine has supported the validity of EHR-based genomics. For
example, GWAS of rheumatoid arthritis, diabetes, asthma, cardiovascular disease and other
complex phenotypes have successfully identified loci that were previously established in
case-control studies using traditional, in-person clinical assessment. [Hoffmann and others
2017; Kurreeman and others 2011; Namjou and others 2014; Ritchie and others 2010;
Roden and Denny 2016; Shen and others 2015; Verma and others 2016; Xu and others 2011]
However, psychiatric disorders present a unique challenge in that diagnosis relies on
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symptoms, behavior and clinical judgment with no pathognomonic laboratory or pathologic
findings. As a result, psychiatric genetic studies have traditionally relied on lengthy
structured or semi-structured diagnostic interviews administered by trained clinicians or
research staff. Validation of EHR-based diagnoses have typically relied on retrospective
chart reviews to estimate how well a phenotypic algorithm predicts a true case or control. So
how would EHR-derived diagnoses perform relative to the gold-standard of a psychiatric
diagnostic interview?

We addressed this question in the context of a large scale study of bipolar disorder genetics,
as part of the International Cohort Collection for Bipolar Disorder (ICCBD). [Castro and
others 2015] The ICCBD was formed as psychiatric genetic studies began to make clear that
sample size had become the rate-limiting step in gene discovery. The ICCBD is a
consortium of four sites that aimed to collect clinical data and DNA samples for 19,000
bipolar cases and 19,000 controls over a 4 year period. To achieve this ambitious goal, we
turned to high-throughput phenotyping methods. At MGH, we used the i2b2 platform to
ascertain 4500 cases and 4500 controls from the Partners HealthCare system. After creating
a datamart of potential cases and controls based on ICD billing codes, expert clinicians
manually reviewed 612 notes from 209 randomly selected patients in the bipolar mart to
develop a gold standard set of cases (by DSM-IV criteria) and to identify relevant terms
relevant to be extracted by NLP. In addition to training an NLP-based classifier, we derived
additional rule-based classifiers for bipolar disorder using narrow and broad diagnostic
criteria as well as a rule-based classifier to identify controls. To evaluate the validity of these
classifiers, we applied them to the EHR and identified patients predicted to be cases or
controls by the EHR algorithms. Patients were then invited by mail to participate in an in-
person validation study during which they underwent semistructured diagnostic interviews
(SCID-1V) conducted by experienced doctoral-level clinicians blinded to classifier
diagnosis. To further preserve clinician blinding, we recruited individuals from MGH clinics
who reported a previous diagnosis of schizophrenia or major depression, disorders
commonly considered in the differential diagnosis of bipolar disorder. Thus, this study
provided a direct test of EHR phenotyping vs. the accepted gold-standard of direct
psychiatric interview.

Based on the direct interview results (N = 190), PPV for the NLP-defined classifier for
bipolar disorder was 0.86 with a specificity of 95%. The PPV for controls was 1.0—that is,
none of the patients predicted to be controls were found to be cases at direct interview. In
addition, we derived NLP algorithms for eight relevant subphenotypes: bipolar subtype,
family history of bipolar disorder, age at onset, psychosis, suicide attempt, alcohol abuse,
substance abuse, and panic/agoraphobia. When compared to the results of the diagnostic
interview the PPVs ranged from .72 (for psychosis) to 0.94 (for age at onset). With these
algorithms in hand, we obtained discarded blood samples to accrue DNA from 4500 cases
(over 3 years) and 5000 controls (in 10 weeks). We have recently completed genomewide
genotyping for the majority of this sample and calculated preliminary heritability estimates
from SNP data (#Zsyp). The EHR-based phenotypes were significantly heritable and
comparable to those observed in prior studies of traditionally ascertained samples (Chia-Yen
Chen et al. unpublished). Thus, this study provides evidence for both the clinical and genetic
validity of semi-automated EHR-based phenotyping of bipolar disorder.
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At the same time, challenges to establishing valid phenotypes remain, beyond the labor- and
time-intensive nature of the informatic analyses and clinical validation procedures. Data
available through the EHR are limited, by definition, to those captured through interactions
with the healthcare system. Thus, features of illness that occur outside this system may not
be documented. This can be particularly problematic for so-called “open” systems where
patients may receive some but not all of their care. For example, individuals classified as
controls may have had an episode of the case phenotype for which they received care outside
the system, creating a problem of false negative classification. Similarly, episodes of illness
may have occurred within the healthcare system but prior to the implementation of the EHR.
Alternative sources of information such as claims data may mitigate these problems by
capturing all reimbursed healthcare encounters, but these data do not include the kind of
detailed information that would allow NLP based models, for example. Another emerging
solution is the availability of interoperable networks of EHR data from multiple institutions,
such as the Shared Health Information Network (SHRINE) [McMurry and others 2013], the
Scalable Collaborative Infrastructure for a Learning Health System (SCILHS) [Mandl and
others 2014], and the Electronic Medical Records and Genomics (eMERGE) [Gottesman
and others 2013] networks. Another obvious limitation of EHR resources is the
ascertainment bias inherent in the fact that phenotypic data are recorded based on the
particular clinical presentation and diagnostic odyssey that apply to individual patients.
Relatedly, clinicians may differ in the precision and comprehensiveness with which they
record diagnostic codes or narrative text, creating challenges for applying phenotypic
algorithms across providers and health systems.

Application: Phenotypic Clusters and Subtyping

Training algorithms for diagnostic phenotyping is related to the concept of “supervised
learning” —that is, EHR models are trained against a known gold standard. Another
application of interest is the use of large datasets to find phenotypic structure within or
across categories—a kind of “unsupervised learning”. Related data-driven approaches to
parsing phenotypic complexity include clustering and principal component analyses that can
extract phenotypic signatures and dimensions from a heterogeneous mixture of clinical
syndromes. Lyalina and colleagues [Lyalina and others 2013] used text mining approaches
to annotate records from more than 7000 patients who carried diagnostic codes for autism,
schizophrenia or bipolar disorder. They extracted terms related to medications and clinical
features and then identified terms that were enriched in the clinical records. Using network
and data reduction (principal component analysis) approaches, they were able to identify
“phenotypic signatures” of the three disorders. The results revealed distinctive features
characterizing autism but significant overlap between schizophrenia and bipolar disorder. In
patient-level analyses, they situated individuals in the high-dimensional phenotypic
landscape defined by these signatures. Such an approach could be useful in parsing
heterogeneity for genomic studies of psychopathology, though its portability to other health
systems remains to be established.

Kohane and colleagues [Doshi-Velez and others 2014; Kohane 2015] used the i2b2 platform
to assemble a cohort of nearly 5000 individuals, age 15 years or older, with autism spectrum
disorder (ASD) diagnoses from the Boston Children’s Hospital longitudinal EHR. Using
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hierarchical clustering, they identified four distinct subgroups based on clinical trajectories
of ASD comorbidities. These comprised: 1) a subtype with a high prevalence of seizures
(77.5%); 2) a subtype enriched for multisystem comorbidities (especially gastrointestinal
disorders, ear infections and auditory disorders) and otologic comorbidities); 3) a subtype
characterized by a high rate of psychiatric disorders; and 4) a residual group with no
distinctive comorbidity pattern. The subgroups also differed by age of ASD diagnosis
(earliest in the psychiatric comorbidity group) and prevalence of intellectual disability
(highest in the subtype enriched for seizure disorders). In a subsequent larger analysis,
investigators in the eMERGE network [Lingren and others 2016] were largely able to
recapitulate these clusters using an NLP-derived algorithm applied across multiple
institutions in more than 20,000 ASD patients. The identification of novel data-driven
subtypes provides an enticing opportunity for genomic studies of psychopathology where
the heterogeneity of clinical syndromes is widely assumed. If these subtypes reflect more
homogeneous etiologies, they may well enhance the power of common and rare variant
genomic analyses.

Application: Prediction Algorithms

The vast repository of phenotypic data captured in EHRs provides a powerful platform for
predictive modeling of psychiatric disorders and related outcomes, including the use of
machine learning approaches. Huang and colleagues [Huang and others 2014] used a
combination of structured EHR data and text elements in two health systems to train
prediction models for a diagnosis of depression, response to depression treatment, and
depression severity. The diagnosis of depression was defined as an ICD-9 code for
depression and presence of an antidepressant medication term in the clinical text. The
assessment of treatment response and severity was facilitated by the inclusion of PHQ-9
scores in the EHR of one of the health systems. LASSO regression models were trained and
validated for each phenotype of interest and results were promising, despite the fact that
notes from mental health professionals were unavailable. The model AUC was 0.71 for
predicting an EHR diagnosis of depression 6 months in advance of that diagnosis. As Huang
et al note, their models achieve sensitivities and specificities comparable to those previously
reported for diagnosing depression by primary care physicians. [Mitchell and others 2009].
Models for predicting response to treatment achieved AUCs of 0.66 and 0.75 for response to
medication and psychotherapy, respectively. However, the strongest predictor of response
was baseline PHQ-9 score, suggesting that these models would not be portable to EHR
systems that do not include this measure.

Perhaps no psychiatric phenotype is a more important and challenging target for prediction
than suicidal behavior. Suicide is one of the leading causes of death worldwide, and the
second leading cause of death among young people. Despite extensive research on the risk
factors associated with suicide attempts and death by suicide, the prevalence of suicide has
remained virtually unchanged for decades. Most people who die by suicide are seen by
clinicians in the year prior to their death, making healthcare systems an important setting for
suicide risk prediction and prevention. Unfortunately, there is no accepted algorithm for risk
prediction that clinicians can use to integrate the multiple risk factors that may indicate that
a patient is likely to make a suicide attempt in the near future. A recent comprehensive meta-
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analysis found that the predictive ability of known risk factors is weak and has not improved
over the past 50 years. [Franklin and others 2016] A number of investigators have used EHR
data to identify individuals at risk for suicidal behavior, but studies have been limited by
relatively small samples [Baca-Garcia and others 2006; Poulin and others 2014], short
follow-up times [Tran and others 2014], specialized populations [Kessler and others 2015],
or have not reported performance metrics. [Ilgen and others 2009] We recently developed
risk prediction models for suicidal behavior by leveraging the high-dimensional clinical data
available in the EHR and using time-varying data across an extended period of follow-up.
[Barak-Corren and others 2016] This effort was motivated by an earlier report in which Reis
and colleagues [Reis and others 2009] developed naive Bayesian classifier (NBC) models
using structured EHR data that predicted whether a patient was at risk of domestic abuse an
average of two years in advance. NBCs are machine learning models that have the advantage
of being highly scalable and easily interpretable. We first identified candidate ICD codes for
suicidal behavior and manually reviewed more than 2700 notes from 520 patients to select
codes with a PPV of > 0.70 based on expert clinician consensus. We then queried the
Partners Healthcare RPDR to identify approximately 20,000 cases and 1.7 million controls
comprising 8.9 million person-years of follow-up. Cases were supplemented with
Massachusetts state death certificates indicating death by suicide. The model was trained in
2/3 of the sample and validated in the remaining 1/3. The model AUC was 0.77 and detected
45% of suicidal behaviors with a specificity of 90% an average of 4 years in advance of their
being diagnosed. However, given the low base rate of suicidal behavior, the algorithm PPV
was <10%. Efforts are now ongoing to enhance this PPV by applying NBC models to
subpopulations enriched for suicidality (e.g. patients being treated for psychiatric disorders).
The NBC model assigns weight for the contribution of all variables included from the health
record, making it possible to estimate the predictive effect of each of the tens of thousands of
EHR features. Although, as would be expected, mental health and substance abuse-related
features were among the strongest predictors, certain infections and injury codes were also
highly predictive. Thus, the ability to incorporate the full phenotypic breadth of the EHR
provides information beyond what would be feasible for individual clinicians to evaluate. In
another recent analysis, McCoy and colleagues [McCoy and others 2016] focused on
predicting risk of suicide or accidental death among patients discharged from inpatient
hospitalization at Partners Healthcare. Models using coded variables with or without the
addition of NLP, achieved an AUC of approximately 0.74.

An alternative approach to predicting phenotypes from EHR data, based on unsupervised
machine learning approaches, was recently reported by Miotto et al. [Miotto and others
2016] to identify future risk of 78 diseases. Their “deep patient” method begins with an
unsupervised neural network pre-processing of patient features to identify reduced
dimensional representations of patient profiles. These were then subjected to random forests
analysis to predict disease states. Among the conditions for which this deep learning
approach performed well in terms of 1 year prediction of diagnosis were psychiatric
disorders: schizophrenia (AUC = 0.85) and attention deficit and disruptive behavior
disorders (AUC = 0.86).

In sum, EHR data appear to be useful in predicting psychiatric diagnosis and related
outcomes using a variety of strategies. Combining these clinical risk models with genomic
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data may facilitate more advanced precision medicine applications, though this remains to
be tested.

Combining EHR data and Genomic Data

The real promise of advancing psychiatric genomics by leveraging EHR-based data
resources derives from the linking of these phenotypic data with genomic data. In recent
years, this promise has been progressively realized by the availability of EHR-linked
biobanks at healthcare systems in the U.S. and internationally (also see other papers in this
special issue). For example, the Partners Healthcare Biobank is a repository of patient blood
samples linked to the EHR and supplemented by survey data capturing data not readily
available in the EHR (e.g. sun exposure, family history, and sleep habits) [Karlson and
others 2016]. At this writing more than 60,000 patients have enrolled using face-to-face and
electronic web-based informed consent [Boutin and others 2016] with approximately 2000
added monthly at Partners hospitals including Massachusetts General Hospital, Brigham and
Women’s Hospital, and McLean Hospital. In addition to phenotypic data from the full
longitudinal EHR (spanning approximately 20 years), we have used a method of unbiased
automated feature extraction to build NLP-derived phenotypic algorithms that have been
trained and validated by clinician chart review.[Yu and others 2015] These “curated”
phenotypes have demonstrated excellent PPVs (=.90) and NPVs (> 0.95), including those for
schizophrenia, bipolar disorder, and major depressive disorder. Genomewide genotyping of
50,000 biobank participants is underway with 15,000 completed thus far. These provide a
ready resource for rapid validation (“lookups™) of prior genetic findings, the construction of
polygenic risk scores, and phenomewide association studies (described below), many of
which are underway. [Smoller and others 2016]. The cost- and time-efficiency of deriving
biospecimens and genomic data from EHR-linked biobanks is illustrated in Figure 2 which
shows the cost to investigators of obtaining phenotypic data and biospecimens in three
studies of bipolar disorder which we have participated in: the STEP-BD genetic repository
[Fan and others 2010], the ICCBD (described above), and the Partners Biobank.

Large-scale U.S. biobanks, including BioVu at Vanderbilt University, MyCode at the
Geisinger Health system, and the Kaiser Permanente Biobank have successfully used EHR
and genomic data to identify novel disease associations [Denny and others 2011; Hoffmann
and others 2017], evaluate the penetrance of putative high-penetrance mutations [Van Driest
and others 2016], and identify allelic series that can validate targets for drug development.
[Dewey and others 2016]. In 2007, the National Human Genome Research Institute
(NHGRI) organized the Electronic Medical Records and Genomics (eMERGE) network
(https://emerge.mc.vanderbilt.edu) [Gottesman and others 2013]. At present, eMERGE
comprises nine clinical sites, a coordinating center, and two central genotyping and
sequencing centers. The eMERGE network has also compiled validated algorithms for EHR
phenotyping in a centralized database (PheKB) and demonstrated that these algorithms are
portable across healthcare systems. [Kirby and others 2016] Since its inception, the
eMERGE network has played a major role in developing best practices for EHR-based
genomic research, advancing methods for extracting and validating phenotypic data using
semi-automated algorithms, and demonstrating the value of phenomewide association
studies (PheWAS). [Crawford and others 2014; Gottesman and others 2013]
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The PheWAS approach capitalizes on the broad spectrum of phenotypes captured in the
EHR, enabling the discovery of pleiotropic genetic associations. Effectively, a PheWAS is
the mirror image of a typical GWAS design, though both take an unbiased approach to high-
dimensional association analysis. Where the GWAS typically examines a limited set of
target phenotypes and their association with a large number of genetic markers across the
genome, the PheWAS typically examines a limited set of target genotypes and their
association with a large number of phenotypes across the phenome. [Bush and others 2016;
Denny and others 2016] PheWas have been successfully used to identify novel disease loci,
replicate GWAS findings and identify pleiotropic effects of loci identified from GWAS of
specific phenotypes. [Denny and others 2016] To reduce the dimensionality of the
phenotypic space, related diagnostic codes are often grouped into a smaller set of
“phecodes”. There is likely to be a trade-off in which collapsing phenotypes may reduce the
burden of multiple testing but at the same might obscure association signals by combining
potentially heterogeneous phenotypes. Prior research suggests that requiring two or more
temporally separate instances of a diagnostic code can improve the PPV of PheWAS
phenotypes. [Denny and others 2016] In light of increasing evidence for pleiotropic
associations among psychiatric disorders and other phenotypes [Solovieff and others 2013],
PheWAS may be particularly useful for psychiatric genetic research.

To date, the application of EHR resources to psychiatric genetics has been relatively limited,
but this has begun to change. In one innovative analysis, Simonti and colleagues [Simonti
and others 2016] analyzed phenotypic and genomewide data across the eMERGE network
for ~28,000 individuals to determine whether SNPs derived from Neanderthal admixture are
associated with a range of diseases. They observed modest but significant heritability
attributable to Neanderthal variants for eight phenotypes including mood disorders. Further,
Neanderthal loci were enriched for associations with neurologic and psychiatric diseases and
for brain eQTLs (as indexed by expression in cerebellum and temporal cortex).

Another recent analysis [Prieto and others 2016] examined the phenotypic effects of loci
previously identified in GWAS of bipolar disorder using data on 7316 patients with EHR
data and genomewide genotypes in the Mayo Clinic’s Mayo Genomic Consortium. ICD-9
codes were used to identify individuals with 19 disease phenotypes that are often comorbid
with bipolar disorder. Evidence was found for pleiotropic associations of SNPs in
CACNAIC with cardiac dysrhythmias and SVEPI with essential hypertension, though these
did not survive correction for multiple testing.

In addition to enabling studies of pleiotropy, EHR-linked biobanks provide a valuable
resource for rapid look-up and replication of putative risk loci. For example, loci implicated
in GWAS and rare variant studies of a given disorder can be readily queried in biobanks to
validate the association in a clinical setting.

Future Directions and Opportunities

The coming years will see important opportunities to advance the application of EHR-based
psychiatric genomic research. For example, investigators in the eMERGE network have
recently launched an effort (PsycheMERGE) to harmonize phenotypic data for a range of
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psychiatric disorders and conduct cross-disorder and functional genomic analyses.
Psychiatric diagnoses derived from ICD codes are also available in the UK Biobank (N =
500,000), providing another large resource for genetic studies. And, the U.S. Department of
Veteran Affairs’ Million Veteran Program (http://www.research.va.gov/MVP/default.cfm)
has already enrolled more than 500,000 veterans, with genomic studies of substance use and
PTSD underway. Perhaps the most eagerly anticipated resource for large-scale deeply-
phenotyped genomic research is the NIH’s Precision Medicine Initiative (PMI) [Collins and
Varmus 2015; Precision Medicine Initiative (PMI) Working Group 2015]. The PMI’s A/l of
Us program aims to enroll a diverse cohort of a million or more participants across the
United States with multiple data streams including EHRs, physical assessments, participant
surveys, mobile health technologies, and a range of biospecimens. Participants will be
followed for ten years or more, providing a unique longitudinal program for examining the
role of genetic, environmental, and lifestyle factors on health outcomes and treatment
response. The inclusion of behavioral and psychiatric phenotypes should enable
unprecedented opportunities for psychiatric genetic and pharmacogenomic research.

The tens of thousands of phenotypes available in EHRs and biobanks provide clear
advantages but also challenges: given the high-dimensional nature of these resources, which
phenotypes are most fruitful for genomic analyses? Typically, research studies have focused
on a small fraction of the available clinical variables. We have developed computational
tools that allow the prioritization of phenotypes based on their SNP-heritability (#Zsyp). [Ge
and others 2016; Ge and others 2015] In a recent effort [Ge and others 2016], we introduced
a computationally efficient “moment-matching method” capable of handling very large
samples sizes and high-dimensional phenotypes. To illustrate its utility, we conducted a
phenome-wide heritability analysis of 551 traits derived from the interim data release (N >
152,000) of the large-scale, population-based UK Biobank, comprising both quantitative
phenotypes and EHR disease codes. We further demonstrated the moderating effect of three
sociodemographic variables (age, sex, and socioeconomic status) on heritability. The results
provide a ranking of heritability across the phenome, highlighting phenotypes that may
warrant priority for genetic association studies. We also observed significant moderation of
heritability by sociodemographic variables or numerous traits, underscoring the importance
of considering population characteristics in interpreting heritability. Of note, heritability
estimates for 14 pairs of self-reported illness and ICD-10 codes that represent the same or
closely matched diseases were largely consistent and had a Pearson correlation of 0.78,
indicating that both phenotypic approaches captured useful and comparable variations in
these phenotypes. Approaches like these may allow future genetic studies to focus on the
most informative phenotypes within the immense landscape of EHR data.

The phenotypic diversity captured in EHRs also provides an opportunity to explore or
validate phenotypic and genetic relationships across the “disease-ome.” For example,
Rzhetsky et al.[Rzhetsky and others 2007] developed a probabilistic modeling approach to
estimate phenotypic relationships among 161 disorders by mining 1.5 million patient records
from a clinical database at the Columbia University Medical Center. Using a set of modeling
assumptions including genetic penetrance functions, they were able to create networks of
correlated phenotypes and infer genetic overlaps among disorders. Of note, neuropsychiatric
disorders figured prominently in these networks. In particular, autism, schizophrenia, and

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2019 October 01.


http://www.research.va.gov/MVP/default.cfm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smoller

Page 14

bipolar disorder were predicted to have substantial genetic overlap with each other and with
a range of neurologic and medical disorders. In a subsequent analysis that included billing
and claims data from more than 100 million patients, Rzhetsky and colleagues [Blair and
others 2013] identified novel comorbidity relationships between Mendelian and complex
diseases, suggesting that Mendelian disease genes have pleiotropic effects on sets of
complex common diseases. In support of this, GWAS results for these complex disease sets
were enriched in the linked Mendelian disease genes. Of relevance to psychiatric genetics,
their analysis predicted the relationship of specific loci to multiple psychiatric disorders as
previously observed in cross-disorder GWAS. [Cross-Disorder Group of the Psychiatric
Genomics 2013]

Future research may also address some of the inherent limitations of EHR data. As
mentioned earlier, the fact that health data are recorded during particular episodes of clinical
care by providers who differ in their approach to diagnosis and documentation creates a
potential for ascertainment bias in the types and extent of available phenotypic information.
In one sense, unascertained phenotypes could be seen as a “missing data problem” for which
imputation might be possible. Newer phenotype imputation methods that capitalize on both
phenotypic correlations and genetic relatedness in high-dimensional datasets [Dahl and
others 2016] may be particularly relevant for studies combining EHR and genomic data.
Another limitation to EHR datasets that is relevant to genomic research is the frequent lack
of information on family history. In an innovative recent analysis, Polubriaginof, Tatonetti
and colleagues [Polubriaginof and others 2016] mined emergency contact data from the
EHR to infer 4.7 million familial relationships among patients in two large hospital systems.
Using an algorithm that enabled the reconstruction of extended pedigrees, they estimated the
heritability and familial recurrence rates of more than 700 phenotypes. Surprisingly, the
phenotype with the largest observed heritability estimate was “victim of child abuse” (/=
0.90, 95% CI: 0.73-1.0) and among psychiatric diagnoses the most heritable phenotype was
“adjustment disorder with mixed emotional features” (#° = 0.43, 95% Cl: 0.30-0.59).

In addition to their potential value for identifying disorder risk loci, EHR-based genomic
resources may accelerate pharmacogenetic research. We and others have used the EHR in
pharmacoepidemiology studies to identify novel adverse effects of psychotropic
medications. [Blumenthal and others 2014] [Castro and others 2013; Castro and others 2012;
Castro and others 2016a; Castro and others 2016b; Clements and others 2014; Gallagher and
others 2012; Igbal and others 2015; Tatonetti and others 2011]. To date, however, few
studies have capitalized on the availability of psychotropic drug response data in the EHR
for genetic research. Success in this area will need to address the challenges of extracting
valid treatment outcomes from electronic records. These include incomplete documentation
of medication compliance and imprecise capture of symptom change or adverse events over
time. Nevertheless, EHR-based pharmacogenomic research may be particularly informative
for “precision psychiatry” efforts to identify subgroups of patients who may be at risk for
serious adverse events such as clozapine-induced agranulocytosis, lithium-induced renal
failure or antidepressant-induced QT prolongation.

In sum, EHR databases linked to biospecimens and genomic data provide important, as yet
untapped, opportunities for psychiatric genetic research. The principal challenges involve the
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extraction of valid, interoperable phenotyping algorithms, but a growing literature has
documented numerous approaches to addressing the challenge and successful use cases for a
broad range of medical and, increasingly, neuropsychiatric phenotypes. With the growing
availability of large-scale biobanks, the impending implementation of genomic data into
medical care, and massive research efforts such as the Million Veteran Program and All Of
Us Research Program, the prospects for scientific discovery in this arena are substantial.
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Figure 1:
Workflows for leveraging phenotypic data from HER. A) Extraction of clinical data into a

research-ready database. Unstructured text can be transformed into standardized coded
format through natural language processing (NLP); B) Stages in development of a
phenotyping algorithm for case—control analyses. (1) An enriched datamart of cases or
controls for the target phenotype is constructed using structured data filters followed by (2)
selection of a subset for clinician chart review to establish gold-standard instances. (3)
Potential predictors of case (or control) status are extracted from structured and text features
in a subset of charts. (4) Using these selected features, a model is trained to predict the gold-
standard cases/controls and model metrics are calculated to desired performance. (5) The
model is applied to the full datamart and a chart review of a subset of cases (or controls) is
conducted to determine PPV and NPV. (6) If desired performance is not achieved, the model
can be adjusted until adequate performance (e.g. PPV > .90) is obtained.

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Smoller Page 22

Phenotype/DNA Cost per Subject
$1,000,00 —f e

Free
$0.00
STEP-BD ICCBD Biobank Biobank GWAS
Time Years Years Days Hours

Figure2:
Comparison of cost and time needed to obtain phenotypic data and samples based on

experience in studies of bipolar disorder at Partners Healthcare. Approximately 700 samples
were collected over a period of years at a cost of approximately $1000/subject in the STEP-
BD study. At one-third of this cost, an even larger sample collected as part of the ICCBD
(see text). Finally, the Partners Biobank enables investigators to rapidly obtain validated
EHR phenotypes and samples at minimal cost and genomewide GWAS data at no cost.
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