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1. Introduction

In the United States (US), suicide claims more than 45,000 lives each year (Kochanek et al.,
2019), affects individuals of all socioeconomic backgrounds (Denney et al., 2009), and is the
2"d and 4t leading cause of death among people aged 1034 and 35-54, respectively
(National Institute of Mental Health, 2019). Over the past two decades, suicide rates in the
US increased nearly 25% (Curtin et al., 2016). Further, nearly 10 million US adults have
suicidal ideation and over 1 million US adults attempt suicide each year (Crosby et al.,
2011). In addition to the significant emotional burden of suicide on loved ones, the
economic cost of suicide and suicide attempts, including costs for medical treatment and
work lost (e.g., loss of future productivity and salaries), is tremendous reaching nearly $100
billion yearly in the US (Shepard et al., 2016).

The current standard-of-care to prevent suicide and keep an individual safe in psychiatric
inpatient units includes a visual check (e.g., every 15-minutes) (Grant, 2007). This is largely
because real-time monitoring tools to examine acute suicide risk do not presently exist. The
development of real-time monitoring technology for suicide risk has been slow due to the
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fact that over the past five decades, suicide research has primarily focused on the distal
nature of risk factors of suicide which has not unlocked key proximal risk factors of suicide
(Franklin et al., 2017; Zalsman et al., 2016). Even risk factors considered ‘proximal’ or
warning signs (e.g., increased substance use, hopelessness, talking about or planning suicide,
giving away prized possessions) likely have days, weeks, or months between the onset and
suicidal behavior. Therefore, it is unsurprising that a recent meta-analysis found that these
warning signs and more distal risk factors (e.g., childhood trauma, depression diagnosis)
were weak and inaccurate predictors of suicide risk (Franklin et al., 2017).

There is more recent emerging literature that has identified new, objective, and more acute
risk factors of suicide (see Table 1 for abbreviations of objective measures). For example, a
recent meta-analysis found that the National Institute of Mental Health’s Research Domain
Criteria (NIMH RDoC) construct of arousal and regulatory systems as measured by sleep-
wakefulness, heart rate (HR) and heart rate variability (HRV), were as powerful predictors of
suicide risk as rumination, depression, aggression and loneliness (Glenn et al., 2018).
Importantly, unlike the constructs within the negative valence system and systems for social
processes, those in the arousal and regulatory systems (e.g., sleep disturbances, physical
activity level [PAL], HR/HRV) may have significant benefit in predicting acute suicide risk:
these are time series data that can be collected with a very fine temporal resolution, even
second-to-second (e.g., HR/HRV = beat to beat). Another significant benefit of these
objective measurements is that all of these variables are measurable using wearable
technology.

To date, there is no systematic review of objective measurements of sleep disturbances,
HR/HRV and PAL associated with suicidality. In this review, the term “suicidality” or
“suicidal” included completed suicide, a history of suicide, suicidal ideation and suicidal
behavior. As such, the aim of this systematic review is to summarize findings on objectively
measured acute risk factors and warning signs of death by suicide, a history of suicide,
suicidal ideation and suicidal behavior including sleep disturbance, HR/HRV and PAL. The
research questions posed in this systematic review are: 1) are sleep problems (e.g., increased
nighttime awakenings, longer sleep onset latency), 2) are decreased HRV (or respiratory
sinus arrhythmia [RSA]), and 3) decreased PAL associated with more suicidality across
studies?

Materials and methods

2.1. Search strategy

For this systematic review, we followed the guidelines in the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) (Moher et al., 2009). A web-based,
systematic literature search was performed using two databases, PubMed and EMBASE, for
articles published before March 5, 2019. We used the following keywords for literature
search: ‘suicide’, ‘attempted suicide’, ‘suicidal behavior’, ‘suicidal ideation’, ‘suicidality’,
‘depressive disorder’, ‘bipolar disorder’, ‘anxiety’, ‘mental health’, “‘mood disorders’,
‘psychosis’, ‘inhibition’, ‘impulsiveness’, ‘hopelessness’, ‘guilt’, ‘loneliness’, ‘psychomotor
agitation’, ‘insomnia’, ‘sleep deprivation’, ‘sleep initiation and maintenance disorders’,
‘physiological stress’, ‘psychological stress’, ‘heart rate’, ‘HRV’, ‘vagal tone’, ‘respiratory
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sinus arrhythmia’, ‘circadian rhythm’, ‘physical activity’, ‘exercise’, ‘biomarker’, ‘ECG’,
‘EEG’, ‘polysomnography’, “fitness tracker’, ‘wearable electronic devices’, ‘actigraphy’,
‘sensor’, ‘smartphone’ (see Table 2 for full search strategy). Search results were limited to
those studies with human subjects and articles published in peer-reviewed journals in
English.

2.2. Study selection

This systematic review studies included studies that reported quantitative variables that
measured sleep, HR/HRV or PAL that had been collective via polysomnography (PSG),
electrocardiogram (ECG), or actigraphy in individuals with a history of suicide attempt, or
current or a history of suicidal ideation, or individuals who completed suicide. We did not
restrict subject age, sex, duration of measurements, types of mental illnesses, and other
comorbid conditions. Studies that provided qualitative description of sleep and PAL using
subjective measurements (e.g., self-report of sleep on the Pittsburgh Sleep Quality Index)
were excluded. In addition, conference abstracts, letters to the editor, case reports and review
articles were excluded from the final literature selection.

Two independent reviewers (G.K., H.N.) performed the initial screen of the total searched
articles based on the title and abstract. Another independent reviewer (M.P.) provided the
deciding vote on disagreements (N = 36). After final selection of the searched articles,
compliance with the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) was evaluated because all of the included articles were observational studies
(Von Elm et al., 2007).

3. Results

3.1. Search results

A total of 3,338 records were identified through the electronic database searches of PubMed
and EMBASE. After obtaining the initial record of articles, 309 records were removed due
to duplication using a citation managing software (EndNote, Philadelphia, PA). The
remaining 3,029 articles were screened, and 3,001 articles were excluded based on the title
and abstract not including objective and/or subjective measures of suicide. Another 5 articles
were excluded after evaluating eligibility based on full-text review. Consequently, 23 articles
were included in the current systematic review (see Table 3). The flow diagram for literature
selection is shown in Figure 1. Mean compliance rate with the STROBE across all studies
was 90.9%.

3.2. Study design and countries

Among the 23 studies included, 18 studies (78.3%) were published in the last 10 years. The
vast majority of the included studies (N = 21; 91.3%) reported cross-sectional findings that
compared sleep, HR/HRV or PAL between a suicidal group (e.g., individuals with a
diagnosis of mental illnesses such as major depressive disorder [MDD] or bipolar disorder
[BPD] with a history of suicide attempt) and a control group (e.g., individuals with MDD or
BPD without a history of suicidal ideation or suicide attempt). Two studies (8.7%) reported
longitudinal findings about associations between changes in current suicidal ideation and
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changes in sleep variables over the course of 3 weeks (Bernert et al., 2017a; Littlewood et
al., 2019). The countries in which the included studies were conducted were: USA (N = 13;
56.6%), Taiwan (N = 4; 17.4%; among these, one study was conducted together with
Norway), France (N = 2; 8.7%), Canada (N = 1; 4.3%), Germany (N = 1; 4.3%), United
Arab Emirates (N = 1; 4.3%), and United Kingdom (N = 1; 4.3%).

3.3. Characteristics of study subjects

In 17 studies (73.9%), the suicidal group included individuals with a diagnosis of mental
illnesses such as MDD, BPD, schizoaffective disorder/schizophrenia (SA/SZ), post-
traumatic stress disorder and obsessive-compulsive disorder or individuals currently
experiencing an MDD episode. Five studies (21.7%) did not report psychiatric diagnoses of
their participants (Chang et al., 2016; Forkmann et al., 2016; Gutierrez et al., 2016;
Lemogne et al., 2011; Singareddy et al., 2013). The age group across studies were children
(N = 2 studies; 8.7%), adolescents (N = 3 studies; 13.0%) and adults (N = 18 studies;
78.3%). Participants were hospitalized patients with MDD or SA/SZ in three studies
(13.0%), and a subgroup were hospitalized patients with MDD in another study (4.3%). In
all other studies (N = 19; 82.6%), participants were non-hospitalized patients or from a
community sample (e.g. university-based setting). The effects of psychotropic drugs were
controlled by using a wash-out period (2 weeks or more) or including unmedicated or
mostly unmedicated individuals (> 80% of the study participants) in ten studies (52.2%). In
three studies, participants were taking antidepressants, benzodiazepine, mood stabilizers or
atypical antipsychotics. Information about psychotropic drugs was not reported in eight
studies (34.8%).

3.4. Assessment of suicidality

Participants’ level of suicidality was assessed as current or a history of suicidal ideation or
suicide attempt (N = 20; 87.0%), completed suicide (N = 2; 8.7%), or self-harm behavior
that includes suicide attempts (N = 1; 4.3%). Assessment tools for suicidality were
standardized interviews or questionnaires such as the Structured Clinical Interview for Axis
| DSM-IV Disorders (SCID) (First et al., 1994), Kiddie Diagnostic Schedule for Affective
Disorders and Schizophrenia for School Age Children (K-SADS-P) (Chambers et al., 1985),
and Hamilton Depression Rating Scale (HDRS) (Hamilton, 1986) (N = 15; 65.2%). Three
studies (13.0%) reviewed medical records to assess a history of suicidal ideation or suicide
attempt (N = 1; 4.3%) and cause of death (i.e., suicide) (N = 2; 8.7%). Another three studies
(13.0%) used non-standardized questionnaires for assessing suicidality. Two studies (8.7%)
did not report how they assessed participant suicidality.

3.5. Objective measurements

For objective measurements, 11 studies (47.8%) measured sleep using EEG (N = 7; 30.4%),
PSG (N = 2; 8.7%) and actigraphy (N = 2; 8.7%). Other eleven studies (47.8%) measured
HR/HRV using ECG. One study (4.3%) measured sleep and PAL using actigraphy. The
objective measurements were performed in laboratory settings in 14 studies (60.9%), clinic
settings (i.e., patient room in inpatients units) in two studies (8.7%), or in naturalistic
settings (i.e., home) in three studies (13.0%). The settings were not reported in three studies
(13.0%). For the sleep studies, the duration varied from an overnight study to across three
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weeks of data collection. For the HR/HRV studies, the duration of data collection was
between 2 and 12 minutes while participants were resting in a lying posture, watching a
video of nature scenes, or discussing topics between children and their parents. Among the
eleven HR/HRYV studies, three did not report the epoch lengths (27.2%). For the sleep and
PAL study, the duration was three weeks.

3.6. Sleep and PAL

3.7.

All of the 11 sleep studies (overnight to 3-week monitoring) reported abnormal sleep
patterns for patients with elevated levels of suicidality. For example, three studies found that
sleep latency, the duration between full wakefulness and falling asleep, measured using EEG
and PSG was significantly greater in individuals with MDD with current suicidal ideation
compared to individuals with MDD without current suicidal ideation or healthy controls
(Boafo et al., 2019; Dahl et al., 1990; Sabo et al., 1991). One study found that MDD or BPD
with current suicidal ideation had greater duration of being awake between 4am and 5am
(i.e., nocturnal wakefulness) as measured using EEG compared to MDD or BPD without
current suicidal ideation, and the nocturnal wakefulness was significantly associated with
severity of suicidality (Ballard et al., 2016). Seven studies found that activity during rapid
eye movement as measured using EEG and PSG was greater in suicidal individuals
compared to non-suicidal individuals (Agargun and Cartwright, 2003; Bernert et al., 2017b;
Goetz et al., 2001; Keshavan et al., 1994; Sabo et al., 1991, Singareddy et al., 2013). The
two longitudinal studies of sleep found that shorter total sleep time as measured by
actigraphy was related to increased suicidal ideation within those with current or recent
suicidal ideation (Benard et al., 2019; Littlewood et al., 2019).

The association between PAL and suicidality was investigated in one study (3-week
monitoring). Individuals with BPD with a history of a suicide attempt began daily activities
earlier compare to individuals with BPD without a history of a suicide attempt and healthy
controls (Benard et al., 2019).

HR/HRV

Among the 11 HR/HRV studies (5 to 15 minutes-monitoring), nine studies found abnormal
patterns in HR or HRV variables. For example, two studies found greater resting HR in
individuals whose cause of death was suicide compared to individuals whose cause of death
was not suicide (Chang et al., 2016; Lemogne et al., 2011). In addition, another study found
resting HR was greater in individuals with MDD with current suicidal ideation compared to
individuals with MDD without current suicidal ideation (Chang et al., 2012). Six studies
reported that HRV parameters such as variance of R-R intervals, RSA, low-frequency (LF)
or high-frequency (HF) HRV were lower at resting or watching a video of nature scenes for
individuals with current or a history of suicidal ideation or suicide attempt than for control
groups (Chang et al., 2017; Chang et al., 2012, 2013; Khandoker et al., 2017; Tsypes et al.,
2018; Wilson et al., 2016). One study reported reduced variance of R-R intervals was
associated with lifetime suicidal ideation (Forkmann et al., 2016). One study reported that
there was no association between resting RSA and a history of suicidal ideation among
veterans (Gutierrez et al., 2016), however, due to a lack of some important information in
their methods (e.g., the authors did not report how long and in what settings and conditions
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they measured RSA, and their participants’ characteristics such as medication), replication is
needed.

4. Discussion

4.1. Summary of key findings

The goal of this paper was to provide a systematic review of the literature regarding
objective measurement of sleep, HR/HRV and PAL and their relationship to suicidality
including completed suicide, a history of suicide, suicidal ideation and suicidal behavior.
Sleep-wakefulness and HR/HRV are variables in the NIMH RDoC arousal and regulatory
systems that have been suggested as warning signs of suicide in a recent meta-analysis
(Glenn et al., 2018). In the present systematic review, a total of 23 studies were found that
objectively collected data regarding sleep, HR/HRV and PAL, and associated them with
suicide.

Across the studies reviewed, these objective indices demonstrated consistent patterns
associated with suicidality that indicates the potential of their predictive strength to monitor
acute suicide risk. Specifically, findings indicate across studies that suicide is related to
greater insomnia including greater sleep onset latency and lower sleep efficiency as well as a
heightened autonomic state at baseline (i.e., higher HR, lower variance of R-R intervals).
Importantly, it is possible that these objective indices (e.g., chronic poor sleep) could lead to
increased suicidal ideation. Future studies will need to be conducted that examine the
potential bidirectional relationship between these objective data and suicide. To our
knowledge, this is the first systematic review of objective patterns in sleep-wakefulness and
HR/HRV associated with suicide.

4.2. Limitations

One limitation of this systematic review was that studies that used different methods
particularly for sleep studies (PSG, EEG, actigraphy) were combined, and potential
differences in their findings due to the different methods could not be considered. However,
PSG and EEG are both considered as gold standards, and actigraphy has been well-validated
(McCall and McCall, 2012). Due to the limited literature, studies that both controlled for
medication (e.g., 2-week washout) and did not control for medication were included, which
might have affected the sleep results since psychotropic medications such as antidepressants
affect sleep patterns (Wilson and Argyropoulos, 2005). Further, durations of the objective
measurements were considerably varied among the sleep studies: from only overnight to
three nights. These durations may be insufficient to consider daily or weekly variations in
sleep patterns associated with suicide (Baranowski et al., 2008; Van Someren, 2007). In
addition, findings from all of the HR/HRV studies were based on only 5-15 minute data
collection point, and there was no study that collected HR/HRV for a relatively longer period
(e.g., 24 hours). This short-term measurement might have affected results for VLF power
and LF/HF (Shaffer and Ginsberg, 2017; Shaffer et al., 2014). In addition, prior studies
suggested that sleep, HR/HRV, PAL and mental illnesses such as MDD are not independent
of each other but correlated. For example, decreased PAL is associated with poor sleep
quality (Benloucif et al., 2004), and decreased variance of R-R intervals is associated with
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MDD (Nahshoni et al., 2004) and insomnia (Dodds et al., 2017). Thus, it is unclear whether
these warning signs serve as independent risk factors of suicide. It will be important to know
the effects of each warning sign on suicide risk after accounting for confounding effects of
the other warning signs.

Implications and future direction

Prediction and prevention of suicide is a great challenge, and lack of a method to monitor
suicide risk in real-time is one of the primary reasons for the challenge (Kleiman and Nock,
2018). Identifying objective, acute warning signs of suicide can enhance real-time
monitoring of suicide risk and address this challenge. It has been suggested that proximal/
imminent time-varying factors (i.e., warning signs) are necessary to develop the best
prediction model of suicide (Franklin et al., 2017; Zalsman et al., 2016).

Taken together, we found preliminary evidence of sleep, HR/HRV and PAL as objective
warning signs of suicide. Notably, previous studies suggested decreased PAL in individuals
at risk of suicide (Sibold et al., 2015; Simon et al., 2004; Taliaferro et al., 2008; Taliaferro et
al., 2009). In their studies, they measured PAL using subjective self-questionnaire (Sibold et
al., 2015; Simon et al., 2004; Taliaferro et al., 2008; Taliaferro et al., 2009). However, there
was too little research (i.e., only one study) on objectively measured PAL thus we were
unable to determine a possible association between suicidality and PAL.

Given the emerging patterns in the identified objective metrics, areas for future study
include: (1) longitudinal studies to investigate trait- or state-like characteristics of sleep,
HR/HRV and PAL associated with suicide in order to examine the relationship between
changes in suicidal ideation or suicidal behavior and objective variables, (2) field studies
(e.g., home settings) are necessary to understand whether current findings for sleep-
wakefulness and HR/HRV patterns with suicide are consistent across settings, and (3)
continuous sleep, HR/HRV and PAL monitoring in high-risk populations (e.g., psychiatric
inpatients) to identify the patterns of these variables related to acute warning signs of
suicidal behavior.

5. Conclusion

Based on the present systematic review, the findings provide initial evidence for consistent
patterns of objective variables with suicide; however, more studies are needed in order to
identify the precise objective variables (e.g., sleep onset latency, LF HRV, HF HRV, LF/HF),
as well as time-varying patterns in these variables, that are related to acute suicide risk. Once
identified, the potential to invent new ways to monitor and assess suicide risk could be
developed, as physiologically-based algorithms could be used within wearable technology,
mHealth technology and telemedicine for individuals at risk of suicide to provide real-time
monitoring of suicide risk, prevent suicide attempts, and save lives.
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Highlights
. Sleep disturbances such as low sleep efficiency was associated with
suicidality.
. Increased heart rate was associated with suicidality.
. Decreased heart rate variability tended to be associated with suicidality.
. Evidence of objectively measured physical activity in suicidality was too
little.
. In 91.3% of the 23 included studies, findings were cross-sectional.
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Articles identified through Articles excluded due to
PubMed and EMBASE database searching - duplication
(N =3338) (N =1309)
Y
Articles screened for title and abstract _ Articles excluded
(N =3,029) N (N =3,001)

A J

Full-text articles screened for eligibility
(N =28)

Y

A4

Articles included in review

(N =23)

Articles excluded (N = 3):

Review articles (N = 1)

Conference abstract (N = 2)
Qualitative description (N = 2)

Fig. 1.
PRISMA consort diagram for literature selections
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