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Purpose of Review A better understanding of suicide phenomena is needed, and precision medicine is a promising approach
toward this aim. In this manuscript, we review recent advances in the field, with particular focus on the role of digital health.

Recent Findings Technological advances such as smartphone-based ecological momentary assessment and passive collection of
information from sensors provide a detailed description of suicidal behavior and thoughts. Further, we review more traditional

approaches in the field of genetics.

Summary We first highlight the need for precision medicine in suicidology. Then, in light of recent and promising research, we
examine the role of smartphone-based information collection using explicit (active) and implicit (passive) means to construct a
digital phenotype, which should be integrated with genetic and epigenetic data to develop tailored therapeutic and preventive

approaches for suicide.
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Introduction

Suicide is arguably one of the most complex phenomena in
the field of psychiatry. Despite being prioritized in research
agendas [1], suicide continues to rank among the top ten pre-
ventable causes of death worldwide [2]. In fact, in several
different countries over the past 50 years, suicide rates have
remained stable or have even increased [3, 4].

After years of scientific research, many risk factors for sui-
cide have been identified. Unfortunately, however, none has
been found to be useful for predicting suicide or suicide at-
tempts in clinical settings [5—7]. One recent meta-analysis
highlighted how the capacity of known risk factors to predict
suicide or suicide attempts in follow-up studies has not
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improved 50 years of research [8¢]. The authors further point
out how previous research has paid scant attention to the inter-
action between risk factors or short-term risk [8¢]. In addition,
classic risk factors tend not to change over time and have lim-
ited usefulness in short-term risk prediction of suicide [9, 10].

In light of these disappointing results, many researchers
currently advocate for a change in the conceptualization of
suicide risk and stress the need for new approaches. Some
proposals include a strategy in which machine learning—
based algorithms identify those at risk [8¢], while others un-
derscore the role of new technologies [11¢], and shift from
predict suicide based on risk stratification to focusing on the
individual patient [12]. This is, in fact, a challenging scenario
in which precision medicine may play a crucial role.
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This article provides an overview of precision medicine ap-
plied to suicide risk monitoring, focusing on the role of innova-
tive technological approaches, especially to the extent that preci-
sion medicine and e-health go hand-in-hand. Furthermore, find-
ings that point to the need to integrate genetic information and
data from technological sources are also discussed.

Precision Medicine and Why Precision
Medicine Is Necessary in Suicidology

In contemporary medicine, most treatments are designed for
the “average patient,” in a kind of “one-size-fits-all” procedure
[13] (Fig. 1). Precision medicine, formerly known as person-
alized medicine, focuses on tailoring efficient preventive and
therapeutic approaches to the unique characteristics of each
patient [14]. To achieve this, precision medicine must inte-
grate different sources of input, i.e., genetic and epigenetic
data, clinical symptomatology, biomarkers, and environmen-
tal and lifestyle factors [15]. This scenario has led to a gap
between the ability to collect and store huge amounts of data
and the capacity to interrogate these data in a way that is useful
for the “average clinician.” As a result, an integrative ap-
proach that encompasses the fields of medicine, biology, en-
gineering, and bioinformatics is crucial [16].

Precision medicine ranges in scope from the description of
large, homogeneous groups to N-of-1 trials, in which an ex-
pansive set of data is collected for one single person as fre-
quently as possible [17]. In the end, precision medicine is to
return to the Hippocratic aphorism of “there are no illnesses
but people with illnesses™ as the clinician knows so well.

In psychiatry, clinicians and researchers constantly question
the validity of diagnoses [18], and many psychiatric disorders are
heterogeneous syndromes rather than specific diseases, thus
making them important targets for precision medicine [19].
That is of special importance for suicide, which, in addition to
being heterogeneous, is a transdiagnostic phenomenon [20, 21].

With diagnoses based on symptom clustering, such as
those used in the ICD and DSM, psychiatry may never reach
the degree of specificity now emerging in other fields of med-
icine [22¢]. To address this limitation, the National Institute of
Mental Health’s Research Domain Criteria (RDoC) [23], cre-
ated in 2011, have become an alternative to current diagnostic
systems [22, 24]. As Torous, Onnela, and Keshavan pointed

Fig. 1 Traditional medicine
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out, connected devices (e.g., smartphones, wearables) can
capture distinct units of analysis of the NIMH’s RDoC frame-
work [24]; this vast amount of data, these digital footprints
[25], which define a digital phenotype [24], should be used to
complement the other sources for precision medicine. Given
the nearly ubiquitous ownership of mobile phones among the
world population [26], technology is set to become ever more
important in precision medicine (Fig. 2).

Specialists in suicidology have advocated for the introduction
of precision medicine to improve prevention at the individual
level [2] and in the short term [27¢]. Currently, risk factors are
often assessed at a single given moment [11]. Precision medicine
could provide us strategies that facilitate the collection of repeat-
ed measures over time, which could be harnessed to assess, and
consequently prevent risk in the short term or even in real time
[20]. As Bernanke, Stanley, and Oquendo recently argued, sui-
cidal behavior may be the final pathway for many different path-
ological processes [28], but empirical evidence is still needed to
confirm this. Therefore, precision medicine is required in
suicidology to better describe the phenomenon and to improve
preventive approaches.

Precision Medicine and m-Mental Health:
Collection and Analyses of Environmental
Information

Technology and its application to health (e-health and m-health)
play a key role in characterizing the individual phenotype that
precision medicine requires. Here, ecological momentary assess-
ment (EMA) is of special interest. EMA enables participants to
be assessed in real-world settings and in real time, allowing re-
searchers and clinicians to collect a high number of repeated
observations over time, even multiple times a day, in the context
of the immediate and real environment of the patient, just in the
moment when the event is happening [29]. EMA is not new, and
traditionally, assessments looking to gather the same data used
paper-and-pencil questionnaires repeated over time; more recent-
ly digital devices such as personal digital assistants (PDAs) have
replaced manual means [30, 31]. Using PDAs, Husky et al. de-
scribed environmental and behavioral factors associated with
suicidal ideation in patients post-discharge following hospitaliza-
tion for a suicide attempt [31]. Technological advances and the
ubiquity of smartphones, which are owned by 3 billion people
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worldwide, [26] create an opportunity for EMA to be integrated
in patient assessment, doing so in a natural and non-intrusive
manner. Using mobile devices, questionnaires on the precise
current status of patients can be explicitly administered, provid-
ing dynamic monitorization of feelings, stressful situations, and
much more [32]. Furthermore, smartphone sensors allow re-
searchers to collect data such as movement and location, app
use, phone calls, use of social networks, or actigraphy informa-
tion, which acts as a proxy for someone’s physical and social
activity or even sleep patterns. All this is done in a much less
intrusive way, making these measures a sort of “implicit EMA”
[33]. The combination of both sources of information, that is,
explicit (active) and implicit (passive) EMA, yields an impressive
quantity of valuable information to characterize people’s behav-
ior and develop the individual’s digital phenotype [34].

After a period of underuse [35], EMA has proved to be a
useful and, more importantly, safe instrument in suicide mon-
itoring by repeatedly assessing suicidal thoughts with no neg-
ative impact on patients or increase in suicidal behavior itself
[36, 37]. Moreover, technology is changing the clinician-

Individual
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Factors

ry

Tailored therapy

patient relationship, and it now seems that “people are more
honest with their phones than with their doctors™ [38]. Indeed,
evidence supports that people are more likely to reveal sensi-
tive information such as traumatic events, substance use, or
suicidal thoughts in online or smartphone-based question-
naires than in face-to-face interviews [39—41]. Furthermore,
people with suicidal behavior seem to take well to EMA tools.
In a recent project, we studied the profile of users of our own
e-health ecosystem (www.memind.net) before they began
using it. In a sample of almost 14,000 psychiatric
outpatients, those who decided to use the tool were more
likely to report suicidal thoughts and/or behaviors [42].

In 2013, a smartphone-based study of 36 patients with psy-
chosis found that the instability of depression triggered
thoughts of self-injury, whereas self-injurious thoughts pre-
dicted more stable depression [43]. In the last 2 years, six
studies by three different research groups have provided rele-
vant new findings about the nature and short-term predictors
of suicidal thoughts and behavior using smartphone-based
EMA [27¢, 44¢, 45+, 46°, 47+, 48¢] (Table 1)
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Although early data suggested suicidal ideation to be episodic,
more recent findings show this is only one subtype of suicidal
thoughts [49]. EMA data are beginning to produce evidence
supporting the hypothesis that there are different profiles under-
lying suicide phenomena [28], and Kleiman et al. found five
different patterns for suicidal thoughts according to their intensity
and variability: low intensity and low variability, low intensity
and moderate variability, moderate intensity and high variability,
high intensity and low variability, and high intensity and high
variability [44¢].

The utility of smartphones does not rely solely on re-
peated prompts in the real-world environment, but also on
the ability to implicitly capture information from multiple
smartphone sensors, wearables, or social networks.
Although this use has been widely discussed in terms of
theory [50], this technology is just starting to be used in
mental health, as Reinertsen and Clifford reported recently
[51¢]. Various research groups, including ours, have devel-
oped smartphone apps capable to collect sensors and data
use information, that is, Automated Monitoring of
Symptom Severity (AMoSS) [52], Purple Robot [53],
Beiwe [54], or eB2 [33, 55]. The latter, used by our
group, is an Android and iOS app which passively col-
lects information on actigraphy data, global positioning
system (GPS) location, Google location, app usage, phone
calls and message logs, nearby Wi-Fi and Bluetooth de-
vices, and inertial measurement unit signals [33, 55].

To date, information from smartphone’s sensors has been
used to characterize stress and anxiety, depression, bipolar
disorder, schizophrenia, and post-traumatic stress disorder
[51], but no work has specifically studied suicidal behavior.
However, a study of violent thoughts and behavior by Ben-
Zeev et al. is of special interest for suicidology, as the authors
of the study combined explicit and implicit EMA in 27 inpa-
tients at high risk for violence over 1 week; patients had to
self-report thoughts and behaviors, including suicide ideation,
whereas smartphone sensors captured their activity and loca-
tion. Regarding suicidal ideation, the authors found it to be
associated with violent ideation and with physical aggression
toward an individual or individuals [56].

These technological advances of explicit and implicit
EMA together with the use of data mining, neural net-
works, or machine learning methods may be used to
generate valid information applicable for precision med-
icine [57, 58¢]. In fact, in a recent study, our group
developed sequential models based on neural networks
for predicting suicidal ideation identified by clinicians in
routine follow-up visits. The difficulty arises in model-
ing from two sources of asynchronous, length-variable,
and randomly sampled sequences, such as electronic
health records (completed by clinicians) and EMA
(completed by patients in between medical appoint-
ments) [59].

Combining Genetic and Smartphone
and Sensors Information for a Personalized
Phenotype

The next and most challenging step is to combine EMA-based
information and genetic and epigenetic findings in a meaning-
ful way. Already complex, this endeavor is further complicat-
ed by the fact that there are a great many genes and genomic
processes that can confer risk for suicidality, though none has
been clearly established [60, 61].

Current research on the neurobiology of suicide supports a
role for dysregulation in the serotoninergic and hypothalamic-
pituitary-adrenal axis stress response system in suicide vulnera-
bility, with a clear role played by epigenetic processes such as
altered cortisol and glutamate pathways [62]. These processes are
influenced by external psychological and social factors, which
means that in the modeling of suicide risk, external environmen-
tal factors must necessarily be taken into account [63]. This high-
lights how the integration of EMA and genes may help clarify the
complex interaction of multiple factors at play in the risk of
suicide. As O’Connor and Portzky have very recently stated,
“No single discipline can address the complex challenge of un-
derstanding risk, as suicide is the end product of a complex
interplay of neurobiological, psychological, and social process-
es” [64].

To date, no research has integrated neurobiological
and EMA information in the study of suicidal thoughts
and behavior, but a compelling work by Niculescu et al.
has approached it [65¢]. The authors tested the ability of
“universal blood biomarkers” to predict suicidal ideation
and hospitalization in homogeneous groups (high anxi-
ety, low mood, combined, and non-affective (psychot-
ic)), depicted with a smartphone app assessment. They
found phenotypic measures apps scores were better pre-
dictors than the blood biomarkers, although their com-
bination showed synergy. Although this assessment is
not EMA, as one single measure was taken, it may
lay the groundwork for the integration of EMA and
genetics. As an example from Alzheimer research, the
Emory Healthy Aging Study aims to assess risk factors
via health questionnaires, smartphones, and wearable de-
vices, seeking to deeply phenotype a subpopulation ev-
ery few years by profiling genetics, cardiovascular phys-
iology, blood and spinal fluid biomarkers, and brain and
retinal imaging [66]. These kinds of initiatives are also
necessary in suicidology.

Concerns and Limitations to the Current State
of Research

Firstly, and likely the most important issue, patients’ privacy
and confidentiality must be upheld while simultaneously
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ensuring their safety if suicidal risk is detected, taking into
account personal autonomy [67]. Regarding data privacy, it
depends on the specific apps. For example, in our MEmind
encrypted volumes, which have a unique 256-bit key, the keys
are protected by a key management infrastructure, which im-
plemented strong logical and physical security controls to pre-
vent unauthorized access. Data and associated keys were
encrypted using the industry-standard AES-256 algorithm
[42] and eB2 hash to anonymize phone numbers, email ad-
dresses, Bluetooth, and Wi-Fi media access control addresses
using the SHA-1 algorithm, and the location and personal data
were transformed using a non-invertible hash function [33].

Secondly, technological assessment as described here must be
easily transferable to real-world clinical practice. In recent stud-
ies, patients have been compensated for their participation [27e,
44, 45, 46, 47+, 48], so studies under real conditions are
required. Moreover, some research has been done in inpatient
settings [27¢, 44., 46, 48¢], whereas the interest of EMA lies
in being used in real environments. Of note, one limitation stems
from the fact that there is evidence that EMA compliance de-
creases substantially after 1 to 2 weeks of assessment [68].

Thirdly, appropriate processing of these novel digital data
is crucial, as Barnett et al. concluded [58]. Beyond being able
to collect impressive amounts of data, if a proper analysis is
not conducted, generalization and comparison of results be-
tween studies are going to be difficult.

Finally, future efforts should be made to integrate genetic
and environmental factors. Moreover, clinical trials address-
ing the efficacy of EMA technologies in suicide research are
warranted.

Conclusion

While the worldwide impact of suicidal behavior remains sta-
ble despite research efforts, precision medicine is emerging as
a promising tool in suicidology. Precision medicine cannot be
understood without the role of technological advances, which
are already useful as a basis for digital phenotyping in suicide
as well in other areas of medicine. The next challenge is to
integrate genetic and epigenetic information. Furthermore, the
collection and analysis of these “big data” must be refined
before transferring this methodology to clinical settings. This
will only be possible with a collaborative approach between
clinicians, traditional researchers, bioinformatics specialists,
and data analysts and, most importantly, with patient engage-
ment and participation.
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