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Introduction: Heart rate variability (HRV) is a measure of the fluctuation in time interval between consecutive heart beats. Decreased
heart rate variability has been shown to have associations with autonomic dysfunction in psychiatric conditions such as depression,
substance abuse, anxiety, and schizophrenia, although its use as a prognostic tool remains highly debated. This study aims to review
the current literature on heart rate variability as a diagnostic and prognostic tool in psychiatric populations.

Methods: A literature search was conducted using the MEDLINE, EMBASE, Cochrane, and PsycINFO libraries to identify full-text
studies involving adult psychiatric populations that reported HRV measurements. From 1647 originally identified, 31 studies were narrowed
down through an abstract and full-text screen. Studies were excluded if they enrolled adolescents or children, used animal models, enrolled
patients with another primary diagnosis other than psychiatric as outlined by the diagnostic and statistical manual of mental disorders
(DSM) V, or if they assessed HRV in the context of treatment rather than diagnosis. Study quality assessment was conducted using
a modified Downs and Blacks quality assessment tool for observational rather than interventional studies. Data were reported in four
tables: 1) summarizing study characteristics, 2) methods of HRV detection, 3) key findings and statistics, and 4) quality assessment.
Results: There is significant variability between studies in their methodology of recording as well as reporting HRV, which makes it
difficult to meaningfully interpret data that is clinically applicable due to the presence of significant bias in existing studies. The
presence of an association between HRV and the severity of various psychiatric disorders, however, remains promising.
Conclusion: Future studies should be done to further explore how HRV parameters may be used to enhance the diagnosis and
prognosis of several psychiatric disorders.
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Introduction

Psychiatric disorders affect 21% of adults and 49.5% of adolescents in the United States (US), growing in prevalence in
recent years." While some disorders gradually develop over time, others can present with acute crises requiring
immediate intervention, which can make the diagnosis of these conditions challenging for physicians. In addition,
patients with psychiatric disorders and similar comorbidities can have vastly different clinical courses and prognoses,
sometimes for reasons unknown.”

Psychiatric disorders are associated with a range of impairments including executive functioning, learning, and
memory. Recent studies have shown that similar impairments can also be seen in autonomic function or
involuntary regulation of processes including heart rate, blood pressure, and respiration, and are correlated with
severity of the disease process. According to European Society of Cardiology in North America, heart rate
variability (HRV) is one of the most promising markers of autonomic function.®> Heart rate variability (HRV) is
a measure of the fluctuation in time interval between consecutive heartbeats (Figure 1). HRV has been thought to
provide insight into the tightly regulated signaling pathways of the autonomic nervous system and may serve as

a surrogate measure of balance between the brain and the cardiovascular system. Decreased heart rate variability
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Figure | Heart rate variability beat-to-beat interval as derived from an ECG reading: (a) Example of ECG segment (b) Expansion of ECG reading with R-R interval labeled.
Reprinted with permission from Dong |. The role of heart rate variability in sports physiology. Exp Ther Med, 2016;11(5):1531-1536.*

has been associated with autonomic dysfunction in a variety of conditions, likely as a result of an imbalance
between parasympathetic and sympathetic input on heart rate and rhythm.

Prior studies have suggested that dysregulation of autonomic signaling contributes to the pathophysiology of
psychiatric conditions such as depression, substance abuse, panic disorder, anxiety, and schizophrenia.>® This can be
seen with somatic manifestations of psychiatric conditions such as panic disorder and anxiety, in which parameters such
as heart rate and respiratory rate are increased during episodes with decreased vagal tone responsiveness.” Additionally,
the degree of autonomic dysfunction in psychiatric conditions may correlate to increased symptom severity and worse
overall outcomes, as shown in previous studies of patients with schizophrenia and panic disorder.®

HRV remains highly debated in its use as a diagnostic tool due to its variation based on the individual person, as there are
differences within patient populations based on sex, age, and BMI; however, with the increasing number of wearable devices
with HRV measuring capability, it is imperative to better understand the potential for HRV to provide diagnostic and
prognostic information. Current limitations in the field include the ability to diagnose and detect psychiatric conditions prior
to an acute mental health crisis or to predict the prognosis of a psychiatric disorder in its initial stages.’ Utilizing markers
such as HRV variation in mental health disorders early-on may allow providers to better understand the development of
psychiatric conditions and provide intervention proactively.'® Furthermore, HRV might serve not only as a diagnostic tool
but also one that helps understand variability in disease trajectory and response to treatment.

Previous studies have analyzed HRV via time domain and frequency components, with time domain calculations often being
simpler to perform.’ Time domain analyses are further broken down into root mean square of RR intervals (RMSSD) or standard
deviation of NN intervals (SDNN) with artifact often removed by the individual program.® Similarly, HRV frequency domain
consists of a power spectral analysis with low frequency (LF-HRV) defined as between 0.04 and 0.15 Hz and high frequency (HF-
HRV) between 0.15 and 0.4 Hz, suggested to represent autonomic input divided based on sympathetic vs parasympathetic signals,
although this distinction remains a topic of debate, as there still remains an overlap between sympathetic and parasympathetic
contributions to heart rate regulation and a clear cutoff may not truly exist. The ratio of LF to HF (LF/HF), representing sympatho-
vagal balance under controlled conditions, may indicate imbalances in autonomic function in certain disorders.'"'?

In this review, we aim to systematically analyze studies investigating HRV in populations of psychiatric disorders,
evaluating the efficacy of HRV as a diagnostic and prognostic tool in psychiatric conditions as outlined by the diagnostic
and statistical manual of mental disorders (DSM) V.

Methods

|dentification of Studies
A literature review was performed based on the Preferred Reporting Items for systematic reviews and Meta-Analyses
(PRISMA) guidelines for systematic reviews. A summary of the search strategy employed is shown in Figure 2.
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Figure 2 Flow diagram outlining identification of studies via databases and registers.

We created a search strategy focused on mental health, mental disorders, anxiety or mood disorders, autonomic
nervous systems, biomarkers, heart rate variability, prognosis, and predictive value. The search strategies were performed
in MEDLINE (Ovid 1946-), EMBASE (Elsevier 1947-), Cochrane Library (Wiley), and PsycINFO (EBSCOHost).
Search strategies for Embase, Cochrane Library, and PsycINFO databases were searched from inception with no date
limits. Inclusion criteria were full-text studies written in English with patients above 18 years of age and reporting
traditional HRV parameters in patients diagnosed with a DSM V psychiatric disorder.

Articles were excluded based on the following criteria: study type, incorrect target population (<18 years old),
medical field other than psychiatry, not original research, topic not within scope or HRV parameters not reported. Studies
were excluded if they enrolled pediatric patients <18 years old, focused on treatment efficacy rather than disease
diagnosis or natural course, or focused on HRV as a predictor of a non-psych condition. For example, studies that
evaluated a psychiatric medication and its impacts on HRV were excluded. Additionally, studies that focused on patients
with another major diagnosis (eg, heart failure) who presented with psychiatric symptoms during their course were solely
excluded, as these studies did not focus on a psychiatric condition or its relationship with HRV. Searches were completed
on March 31, 2022.
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From the initial search, 2098 sources were identified across various databases, of which 451 duplicates were removed
prior to screening. Of the 1647 studies that were screened via a title/abstract screen, 1284 studies were excluded due to
not meeting inclusion criteria of study type, target population, or topic not within the scope of HRV. 182 studies were
selected for a full-text screen, of which 32 reports were not able to be retrieved for a full manuscript, leaving 150
manuscripts to be reviewed in depth. Of the 150 full-text sources, reports were excluded if they focused on a non-
psychiatric primary diagnosis, if they were mainly evaluating a medication or treatment strategy, if they did not have
original data, or if they enrolled pediatric or adolescent patients <18 years old. The final selection of studies yielded 31
eligible studies focusing on patients with psychiatric diagnoses and their respective HRV analyses.

Data Extraction

Data were extracted by two independent reviewers (A.R. and T.N.). All conflicts were resolved through discussion by the
reviewers. All identified studies were exported to Rayyan, and an automatic duplicate finder was applied. References to
relevant studies are also reviewed to identify additional manuscripts. Data from the studies were transferred to
a standardized Excel sheet recording study title, study design, author, year of publication, number of subjects, mean
patient age, proportion of male subjects, study aim and outcome, protocol for measurement, analysis and reporting of
HRYV parameters, and quality assessment. We identified the following clinical confounding factors: age, sex, mean HR,
BMI. Studies that incorporated clinical confounders in their analysis were noted in our analysis of quality.

Risk of Bias and Study Quality Assessment

The quality of each publication was assessed based on selection bias, performance bias, attrition, detection, and reporting
bias, based on the Downs and Blacks assessment tool. Questions 4, 8, 14, 15, 19, 23, 24, and 27 were removed as they
asked about medications/treatment interventions that were specific to randomized controlled trials. Since our final
selection of studies mainly included cohort and case—control studies, these questions did not apply for our review.

Results
Study Selection

We identified 1647 studies via title, abstract, and full-text searches pertaining to heart rate variability in patients
diagnosed with DSM V psychiatric disorders. Inclusion criteria consisted of adult populations investigating heart rate
variability as a diagnostic or prognostic factor in patients with psychiatric diagnosis. From the 1647 studies, inclusion
was narrowed to studies that focused on heart rate variability as an outcome measure. First, studies were evaluated with
an abstract and title screen. Studies that enrolled adolescents or children and studies that used animal models were
excluded, narrowing down the initial 1647 studies to 239 studies. Of this subset, only 182 studies had a full-text
manuscript published. A full-text screen was conducted on these 182 studies using additional exclusion criteria against
studies that were primarily intervention focused or reported psychiatric symptoms only as secondary diagnosis to another
primary diagnosis. These criteria were applied to exclude any studies that focused on HRV in patients with primary
diagnoses other than psychiatric ones, as well as studies that analyzed HRV in the context of response to psychotropic
medications rather than primary disease processes. From the full-text screen and based on the above criteria, we
identified 31 studies consisting of 5496 patients were included for final review.

Study Characteristics

All of the included studies were either case-control or cohort studies, focusing on a wide variety of psychiatric
populations, including depression, anxiety, PTSD, schizophrenia, and panic disorder. Eighteen out of thirty-one studies
were case—control studies that recruited controls as well as patients with psychiatric conditions. Demographic informa-
tion for each of the studies can be found in Table 1. The most common psychiatric diagnosis studied was PTSD, with
seven studies (23%) investigating this disorder. The study cohort populations varied greatly in size, with the largest study
recruiting 2430 participants compared to the smallest study enrolling 28 participants. Jacobson et al recruited participants
with the youngest average age, at 19.56, while the study with the oldest participants was Ha et al with an average age of
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Table | Study Characteristics

Author Year Study Design Study Populations Patients | % Male Age (Mean £ SD or Mean [Range])
(x Comparator Group) (n)
Kawachi et al, 1995%° 1995 | Cohort Phobic anxiety 58I 100 Grouped based on Crown-Crisp Score: 65.5 (7.3), 64 (7.8), 65.2 (6.6),
64.6 (7.1)
Rao et al, 2001?' 2001 | Case-control Panic disorder (healthy control) 66 53 Control: 29.8 * 7.1, panic: 29.9 + 5.3
Gaul-Alacova et al, 200522 | 2005 | Cohort Anxiety 43 33 Control: 32.76 * 9.71, anxiety: 33.5 + 9.59
Hopper et al, 20062 2006 | Cohort PTSD 59 15 356+ 13.7
Drago et al, 2007* 2007 | Cohort Depression 100 77 62+ 13
Ishizawa et al, 2008'* 2008 | Case-control Anorexia nervosa (healthy 69 0 229 +£59
control)
Ahs et al, 2009%° 2009 | Cohort Social phobia 28 46 31373
Kang et al, 2010% 2010 | Case-control Panic disorder (healthy control) 75 49 388+77
Alvares et al, 2013° 2013 | Case-control Social anxiety (healthy control) 53 63 SAD Male: 25.66 +5.77, SAD Female: 23.57 +6.09, Control Male: 25.44
+ 8.30, Control Female: 22.95 +6.45
Minassian et al, 2014'° 2014 | Case-control PTSD 2430 100 22.8+ 3.5
Ha et al, 2015 2015 | Case-control Depression 60 30 65.2 + 4.8
Valenza et al, 20167 2016 | Cohort Bipolar 14 43 3343 +9.76
Sung et al, 201628 2016 | Case-control Depression 264 39 Control: 30.52 + 10.44, other: 38.47 + 9.27
Pyne et al, 20167’ 2016 | Cohort PTSD 343 91.7 28.67 + 84|
Dennis et al, 2016 2016 | Case-control PTSD 219 48.4 Control: 27.80 + 5.47, PTSD: 30.32 + 5.42
Reinertsen et al, 2017'® 2017 | Case-control PTSD 48 100 n/a
Tessier et al, 20173 2017 | Cohort Depression 54 68 5.7+ 13
Kimhy et al, 201732 2017 | Cohort Schizophrenia 40 62 30.5 + 82
Hattori et al, 2018% 2018 | Cohort Schizophrenia 59 27 64.85 + 2.95
Hartmann et al, 2018 2018 | Case-control Depression 127 49 36.99 £ 12.1
Eddie et al, 2018% 2018 | Case-control Borderline personality disorder 44 18 BPD: 27.9 + 8.1, control: 27.1 £ 7.7

(Continued)
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Table | (Continued).

Author Year Study Design Study Populations Patients | % Male Age (Mean £ SD or Mean [Range])
(* Comparator Group) (n)

Byun et al, 2019 2019 | Case-control Depression 78 26 Control: 35 + 12, Depressed: 40 + |4

Carnevali et al, 2019"7 2019 | Case-control Anxiety 35 0 GAD:: 30.7 £ 2, control: 272 + |.7

Clamor et al, 2019% 2019 | Case-control Psychosis, anxiety 130 35 378 £ 119

D'Souza et al, 2019°® 2019 | Cohort Substance use disorder, PTSD 49 50 455+ 10

Byun et al, 2019°° 2019 | Case-control Depression 66 27 Control: 40.21 + 15.16, Depression: 40.18 + 16.10

Krause-Utz et al, 2019'® 2019 | Case-control BPD, PTSD 84 0 BPD and PTSD: 34.16 + 9.92, BPD: 31.28 + 10.28, control: 28.88 + 6.39

Clamor et al, 2020%° 2020 | Case-control Psychosis, schizophrenia 119 35 383+ 118

Forte et al, 2021* 2021 | Cohort Anxiety 75 47 Low trait anxiety: 24.5 + 2.7, high trait anxiety: 23.5 + 2.2

Haigh et al, 2021%? 2021 | Case-control Schizophrenia 52 75 Schizophrenia: 34.17, autism: 29.78, controls: 29.18

Jacobson et al, 2022"3 2022 | Cohort Anxiety 32 50 19.56 (18-27)

Abbreviations: PTSD, post-traumatic stress disorder; BPD, borderline personality disorder; SAD, social anxiety disorder.
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Table 2 HRV Detection and Analysis

Author Variables Collected Artifact Device Software Used Frequency
removal? Used
Kawachi et al, 1995%° RRI, SDNN, maximal minus minimal HR y Monitor One microprocessor SAS
Rao et al, 2001?' HR, RRI, MED, LLE, NL y Hewlett-Packard 78173A ECG Monitor BMDP 4 Hz
Gaul-Alacova et\ al,2005*? | HR, VA, SVB, TS n VarCor TF4, SportTester by Polar
Hopper et al, 20062 HR, RSA, RRI, RMSSD, HF HRY, HP n Ag-AgCL electrodes J&] engineering 1-330 C2 interface
Drago et al, 2007* HR, SDNN n ECG, Holter 24 hour
Ishizawa et al, 2008'° RRI, HF HRV y ECG, tonometric sensor GMview2
Ahs et al, 2009%° RRI y ECG via Psylab interval timer KUBIOS | KHz
Kang et al, 2010% HF HRYV, LF HRV, VLF y ECG, Procomp+ CardioPro program version 2.1
Alvares et al, 2013¢ RRI, HR, SDNN, RMSSD, HF, LF y Polar RS800CX heart rate monitor KUBIOS
Minassian et al, 2014'? PP, RRI, SDNN, RMSSD, VLF, LF, HF, LF/HF | y PPG, ECG | KHz
Ha et al, 2015 RRI, HRY, SDNN, RMSSD, NN50, pNN50, n ECG, QECG-3 model LAXTHA Telescan
TP, VLF, HF, LF
Valenza et al, 2016 RRI, RMSSD, pNN50, LF, HF, LF/HF, RSP y Smartex PSYCHE wearable ECG 250 Hz
Sung et al, 2016 RRI, TP, LF, HF, LF/HF ratio, RSA y HRV monitor- LR8ZI | SAS 512 Hz
Pyne et al, 2016%° IBI, SDNN, LF, DF, RR y J&| Engineering 1-330-C2 Plus multichannel bioamplifier
instrument with 3 M Red Dot ECG electrodes
Dennis et al, 2016>° HF HRY, LF HRV n Holter
Reinertsen et al, 2017'® | RRI, RMSSD, SDNN y Holter 125 Hz
Tessier et al, 2017°' HR, HRV Polar-RS 800 KUBIOS
Kimhy et al, 201732 HF HRV n LifeShirt vest VivolLogic 200 Hz
Hattori et al, 2018% RRI, RMSSD, LF, HF, TP y Bio-tex BBA-8321, |13-bit analog to digital converter Bio-tex BBA-8321, 13-bit analog to | 1024 Hz
digital converter at
Hartmann et al, 2018%* IBI, SDNN, RMSSD, pNN50, LF, HF, LF/HF, y EEG, ECG KUBIOS | KHz
(Continued)
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Table 2 (Continued).

Author Variables Collected Artifact Device Software Used Frequency
removal? Used

Eddie et al, 2018 RRI, CO, SDNN, RMSSD, HF, LF, y ECG, Powerlab Acquisition System, 2 KHz
Finometer MIDI

Byun et al, 2019 RRI, SDNN, RMSSD, pNN50, LF, HF, LF/HF | y ECG ProComp Infinity System SA7500

Carnevali et al, 2019'7 RRI, RMSSD, y Brain MRI Siemens Avanto 1.5 T scanner

Clamor et al, 2019*7 RMSSD, HF HRV y PPG Nexus 32A MindMedia

D’Souza et al, 2019% HF n ECG AgCl Electrodes

Byun et al, 2019°° RRI y ECG ProComp Infinity System SA7500

Krause-Utz et al, 2019' HF-HRYV, RRI y ECG Biosemi Active Two system 1024 Hz

Clamor et al, 2020 HR, RMSSD y PPG Nexus 32A Mindmedia and
BioTrace

Forte et al, 2021 RMSSD, LF, HF y ECG Ag/AgCl electrodes through
Firstbeat bodyguard 2

Haigh et al, 202142 RRI, SDNN, HF, LF y ECG, EEG BioSemi 64-channel Active 2 EEG 512 Hz
system with Ag-AgCl electrodes

Jacobson et al, 2022'3 RMSSD y Smart phone camera

Abbreviations: RRI, R-to-R wave intervals; SDNN, mean of the standard deviation for all N-N intervals; HR, heart rate; MED, Minimum embedding dimension; LLE, Largest Lyapunov exponent; NL, Measures of nonlinearity; RMSSD,
root mean square of successive differences between normal heartbeats; VA, Age-standardized vagal activity; SVB:Sympatho-vagal balance; TS, Total score = VA + SVB; LF, low-frequency; HF, high-frequency; LF/HF, low-frequency to high-
frequency ratio; RSA, Respiratory sinus arrythmia; HP, Mean basal heart period; PPG, platysmoplethography; PP, PPG intervals; RR, Respiration rate; NN50, number of pairs of successive R-R intervals that differ by more than 50 ms;

pNN50, proportion of NN50 divided by the total number of RR intervals; TP, total power; IBI, interbeat intervals; CO, Cardiac output; ECG, electrocardiogram.
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Table 3 Downs and Blacks Quality Assessment Tool

Author Ql Q2 [Q3 |Q5 |Q6 [Q7 |Q9 |QI0 |QIl [QI2 |Ql6 |QI7 [ QI8 | Q20 | Q21 | Q22 | Q25 | Q26 | Total
Kawachi et al, 1995%° I I | 2 [ I I | I [ 0 0 [ I [ | 0 | 16
Rao et al, 2001%' I I 0 0 I I 0 I 0 0 0 0 I I 0 0 0 0 7
Gaul-Alacova et al, 200522 | | I | 2 [ I 0 0 0 0 0 0 [ I 0 0 0 0 9
Hopper et al, 20062 I I | 2 [ I 0 | 0 0 0 0 [ I [ 0 0 0 Il
Drago et al, 2007%* | | I 2 I | 0 I 0 0 0 0 I | I 0 I 0 12
Ishizawa et al, 2008'° I I I 2 I I 0 I 0 0 0 0 I I I 0 0 0 I
Ahs et al, 2009%° | | I 0 I | | 0 0 0 0 0 I | I 0 0 I 10
Kang et al, 2010% I I | 2 [ I 0 | 0 0 0 0 [ I [ 0 [ 0 12
Alvares et al, 2013¢ I I | 2 [ I 0 | 0 0 0 0 [ I 0 0 0 0 10
Minassian et al, 2014'° I I I 0 I I 0 I I I 0 0 I I I I I 0 13
Ha et al, 2015 I I I 0 I I 0 I 0 0 0 0 I I I 0 0 0 9
Valenza et al, 20167 I I | 2 [ I 0 0 0 0 0 0 [ I [ 0 0 0 10
Sung et al, 2016°® I I | 2 [ I 0 0 0 0 0 0 | I [ 0 0 0 10
Pyne et al, 2016%° I I | 0 [ I I | 0 0 0 0 [ I [ 0 0 | Il
Dennis et al, 2016* I I I 0 I I 0 I 0 0 0 0 I I I 0 0 0 9
Reinertsen et. al, 2017'® I I | 2 [ I 0 | 0 0 0 0 [ I [ | 0 0 12
Tessier et al, 2017°' | | I 0 I | 0 I 0 0 0 0 I | I 0 0 0 9
Kimhy et al, 2017%2 I I I 0 I I 0 0 0 0 0 0 I I I 0 0 0 8
Hattori et al, 2018% I I | 0 [ I I 0 0 0 0 0 [ I [ 0 0 | 10
Hartmann et al, 2018 I I | 2 [ I I | 0 0 0 0 [ I [ | [ [ 15
Eddie et al, 2018% I I | 0 [ I I 0 0 0 0 0 [ I [ | 0 | I
Byun et al, 2019 I I | 0 [ I 0 0 0 0 0 0 [ I [ 0 0 0 8
Carnevali et al, 2019"7 I I | 0 [ I I 0 0 0 0 0 [ I [ 0 0 | 10
(Continued)
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Table 3 (Continued).

Author

Ql Q2 ([Q3 |Q5 |Q6 [Q7 |Q9 |QI0 |QIl [QI2 |Ql6 |QI7 [ QI8 | Q20 | Q21 | Q22 | Q25 | Q26 | Total
Clamor et al, 20197 I I | 0 [ I 0 0 0 0 0 0 [ I [ 0 0 0 8
D'Souza et al, 2019°® I I | 2 [ I 0 | 0 0 0 0 [ I [ 0 [ 0 12
Byun et al, 2019°° I I I 0 I I 0 0 0 0 0 0 I I I 0 0 0 8
Krause-Utz et al, 2019'® I I I 2 I I 0 I 0 0 0 0 I I 0 0 I 0 I
Clamor et al, 2020%° I I | 0 [ I 0 0 0 0 0 0 [ I [ 0 0 0 8
Forte et al, 2021%' I I I 2 I I 0 0 0 0 0 0 I I I 0 I 0 I
Haigh et al, 2021 I I | 2 [ I 0 0 0 0 0 0 [ I [ 0 0 0 10
Jacobson et al, 2022'3 I I | 2 [ I I | 0 0 0 0 | I [ 0 0 0 12
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65.2.">1* The sex distribution of studies varied greatly, with eight studies reporting a breakdown of 50% + 5% between
male and female participants. Ishizawa et al, Carnevali et al, and Krause-Utz et al recruited only female participants,

while Reinertsen et al and Minassian et al enrolled only male participants.'>™"°

HRV Detection and Analysis

All studies calculated HRV parameters, although some focused on time-domain measurements, which include R—R wave
intervals (RRI), root mean square of successive differences between normal heartbeats (RMSSD), mean of the standard
deviation for all N-N intervals (SDNN), as well as frequency-domain measurements, such as high frequency (HF) HRV,
and low frequency (LF) HRV as obtained by different heart rate monitors (Table 2). Additionally, some studies reported
power, which is derived from frequency domain and can be measured in ms*/Hz for absolute power or as a percentage for
relative power.”

As studies were conducted over a wide range of time, the earliest being Kawachi et al in 1995, and the most recent
paper, Jacobson et al published in 2022, there was a broad variety of the types of technology and techniques used for
HRV measurement and analysis.'>*° Thirteen out of 31 studies used standard ECG monitoring with electrodes to record
heart rate, while the remaining used various wearable or ambulatory monitoring devices such as Holter monitors. One
study, Jacobson et al, used a smartphone camera to obtain vital measurements.'> Three studies used PPG readings to
derive HRV parameters from.'*>"** Twenty-two studies named the specific analysis software used to breakdown HRV
into time-domain and frequency domain components; the most commonly used software was KUBIOS, which was used
in nine of the studies reviewed. Similarly, the frequency at which HRV analysis was run varied between studies, with only
14 studies listing the exact number. Out of these, six studies ran analyses at frequencies higher than or equal to 1 kHz.
Additionally, time of HRV measurement was not widely reported with other HRV parameters, which may result in
variations between studies as it is used in calculating each derived HRV variable.

Presence of artifact in HRV recordings is relatively common but can significantly distort both time-domain and
frequency-domain measures derived from recordings. Twenty-four studies in this review manually inspected and
removed artifact and corrected for missed beats (Table 2). Studies that did not specify or clearly state whether there
was an artifact removal process were marked as “n”. The artifact removal process as described by Valenza et al involves
visual inspection of the signal, along with an algorithm designed to detect artifact using simple statistical thresholds as
a cutoff point to distinguish the real signal.?’

Furthermore, studies recorded HRV with varying measurement settings/protocols. In the study by Valenza et al,
measurements were taken during the evening both at rest and while performing daily activities. In other studies, such as
Kang et al, measurements of HRV were taken over a five-minute period during rest in a seated position. Due to
differences in study designs, HRV reporting, study methodology, confounding, comparator groups, and data reporting,
a meta-analysis was not performed.

Study Qualities

Roughly half of the studies (53%) compared patients with a psychiatric diagnosis to healthy controls, while the remaining
focused on a cohort of patients with a specific diagnosis. Clinical confounders that may affect HRV include age, sex,
BMI, and resting HR, which have been previously shown to influence HRV.** However, many studies recruited healthy
controls without matching for age or sex. Only 15 studies (48%) provided a complete list of clinical confounders that
were acknowledged between comparator groups. Five studies included only women or only men to eliminate the
confounding impact of sex on heart rate variability measurements.'> '° Only six studies recruited healthy controls that
were age-matched to the group with psychiatric diagnoses. None of the studies matched participants based on BMI or
HR, suggesting that these confounders may play a role in affecting the outcomes of HRV that were reported.

External validity analysis was conducted using the Downs and Black assessment tool, with some questions removed
that asked about interventions, directed at randomized controlled trials rather than case-control or cohort studies
(Table 3). The Downs and Black score can be broken down into sub-scales as follows: reporting, external validity,
bias, confounding, and power. For this review, although questions that were not relevant were removed from each
section, we can still compare strengths and limitations of the studies based on their sub-scores. For the external validity
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sub-score, only two studies scored a 2/2 for achieving random sampling of a population, determined by reporting the
proportion of the total population that participated in the study, as indicated by the Downs and Black paper. The
remaining studies received a 0/2 in this sub-score for not specifying whether patients were randomly sampled or for
recruiting consecutive patients. Similarly, only two studies reached a 3/3 score on the selection bias sub-category for
succeeding to provide a list of clinical confounders, include them in the analyses, and specify the time-period in which
participants in the control vs treatment group were recruited. This indicates that the remaining studies either failed to
report this information or did not include confounders in their analysis of data. Twenty-one out of 31 studies reported an
exact probability value in their statistical analysis section, while the remaining either reported a range such as p<0.05 or
did not report numbers.

Study Outcomes and Key Findings

The main purpose of this review is to examine how HRV may be used clinically as a diagnostic tool in various
psychiatric conditions. Twenty-eight out of 31 studies report a significant association between a component of HRV and
the psychiatric condition they focused on. The remaining three studies, Valenza et al, Gaul-Alacova et al, and Jacobson
et al, either reported descriptive statistics or did not find a statistically significant association.'****” Out of the seven
studies focusing on PTSD, D’Souza et al, Krause-Utz et al, Pyne et al, Dennis et al, and Minassian et al reported
significantly lower HF-HRV in patients with PTSD, while Reinertsen et al and Dennis et al reported significantly lower
LF-HRV in PTSD patients.'®'#1%:23-293044 Hopper et al found a significant difference in resting heart rate between PTSD
patients and control patients; however, they did not report a significant change in LF-HRV.*

Similarly, of the six studies investigating HRV in patients with anxiety, Kawachi et al and Alvares et al found that
SDNN, a time component variable of HRV, was significantly lower in the group of patients with anxiety compared to
healthy controls.®'!7:20:224941 Forte et al demonstrated a negative association between LF and HF HRV components
and anxiety.*! Results of the Carnevali et al study showed that RMSSD was decreased at rest in patients with generalized
anxiety disorder compared to controls.'” Gaul-Alacova et al found a decreased total score of HRV in patients with anxiety
compared to healthy controls, suggesting a problem with autonomic dysregulation, although not statistically significant.?*
Jacobson et al reported findings of a deep learning model designed to analyze HRV in patients with anxiety that was able
to predict the majority of variations correlating with anxiety symptoms; however, p-values did not meet statistical
significance."?

Six studies enrolled patients with depression to investigate the relationship between HRV and depressive symptom
severity and disease progression.'*!'??*?$31-36 Sung et al reported higher HF-HRV in patients with depression and
traumatic brain injury compared to controls, while Minassian et al, Drago et al, Tessier et al, and Ha et al found lower
levels of HF-HRV in patients with depression compared to healthy controls.'*'?*2831" Additionally, Tessier et al
demonstrated a lower LF/HF ratio in patients with depression.”’ Byun et al found decreased RRI, a time-domain
measurement of HRV, to be associated with increased depressive symptom severity.>®

The remaining studies focused on other psychiatric populations including patients with psychosis, schizophrenia,
anorexia nervosa, and panic disorder, with significant findings summarized in Table 4,'>2!:22:27-32:33.35.40.42

As discussed previously, LF/HF ratio as an outcome variable has been suggested to represent sympatho-vagal balance
of the autonomic system. Byun et al, Hartmann et al, Minassian et al, Sung et al, Valenza et al, and Tessier et al collected
LF/HF ratio as an outcome variable.'”*®*!*® Sung et al, Byun et al, Hartmann et al, and Minassian et al reported
a significant decrease in the LF/HF ratio in their patients with psychiatric diagnoses including depression and PTSD,
respectively.'®?*3%3¢ These findings suggest a potential in monitoring trends of HRV in order to diagnose patients and to
monitor treatment efficacy in psychiatric conditions.

The statistics column in Table 4 highlights relevant p-values that each study reported supporting their main findings
(Table 4). As mentioned above, three out of the 31 studies did not report any statistical probability values, either due to
not having statistical significance or due to using alternative methods in evaluating their data, such as relying on
descriptive statistics."***?” Out of the remaining twenty-eight studies, twenty-four studies used exact numbers for
p-value reporting, while Byun et al, Kimhy et al, Sung et al, and Hopper et al used ranges such as p <0.05 to indicate
statistical significance.”>%*%%¢ The p-values listed in this column were extracted from the results section and were
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Table 4 Study Objectives, Key Findings, Relevant Statistics

Author

Study Objectives

Key Findings

Relevant Stats

Kawachi et al, 1995%°

To determine whether symptoms of phobic anxiety may
be associated with reduced HRV

The SDNN and maximal minus minimal HR was
significantly decreased as groupings of Crown Crisp
scores increased (men with highest score of phobic
anxiety had the lowest SDNN and maximal minus
minimal HR).

SDNN: p = 0.03, Maximal minus minimal HR: p =
0.03

Rao et al, 2001%'

To investigate measures of nonlinear dynamics and chaos
of heart rate time series in 30 normal control subjects

and 36 age matched patients with panic disorders

There was a significant increase in complexity,
predictability, and nonlinearity in patients with panic

disorder, especially in supine position

MED: decreased in patients vs control, p =
0.00001; LLE: decreased in patients vs control, p =
0.00001 in supine position.

Gaul-Alacova et al, 200522

To determine the status of the autonomic nervous
system in anxiety disorder patients and to evaluate
possible exercise intervention in order to improve the

ANS and overall psychiatric status of patients

There was a decrease in spectral analysis score of HRV
(representing ANS activity) in patients with panic
disorder and mixed anxiety and depressive disorder;
however, there was not a significant decrease compared
to the healthy population. There was a tendency to
increase vagal activity (VA) values in exercising patients,
although it was not statistically significant.

p values reported as not significant, no exact

numbers

Hopper et al, 20062

To address a potential parasympathetic contribution to
elevated basal HR in PTSD

There was a significant difference in HR between groups
of patients, but not a significant difference in LF HRV or
RMSSD.

Resting HR: p <0.01, chi squared = 10.83

Drago et al, 2007%*

To determine whether depressed patients present
a cardiac autonomic dysfunction and whether this could
represent the mediator of the influence of depression on

their prognosis.

Patients with MDD had a lower HRV and higher HR
compared to patients without MDD, and mild to
moderate symptoms of depression were associated with
lower HRV.

MDD lower HRV: p <0.01, higher HR, p <0.01
compared to control; mild to moderate symptoms

of depression associated with lower HRV: p=0.01

Ishizawa et al, 2008'°

To assess cardiovascular autonomic nervous function in
anorexia nervosa patients by analyzing BPV and BRS
together with H RV

High frequency power and total power of HRV were
significantly higher in AN patients, whereas LF/HF ratio

was significantly lower.

HF power: p =0.006, total power: p = 0.01, LF/HF
ratio: p = 0.02

Ahs et al, 2009%

To investigate the correlation between HF-HRV and
regional cerebral blood flow in people with social phobia
undergoing stressful public speaking task, and whether
there are differences between HF-HRV between men and

women

There was not a significant difference between men and
women in HF-HRV; however, there was positive
correlations between HF-HRV and regional cerebral

blood flow in areas such as the anterior cingulate cortex.

T test- t(26) = 1.48 (there was not a significant
difference between men and women in HF-HRV.
P value for correlation between anterior cingulate
cortex and HF-HRV: p = 0.037

(Continued)
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Table 4 (Continued).

Author

Study Objectives

Key Findings

Relevant Stats

Kang et al, 2010%

To compare patients with panic disorder and healthy
controls in HRV and platelet serotonin uptake

There were significantly higher LF/HF ratio in panic
disorder patients, and significantly lower HF compared to
control.

LF/HF ratio, p = 0.039; lower HF, p = 0.03

Alvares et al, 2013°

To examine whether heart rate variability was reduced in
treatment-seeking patients diagnosed with social anxiety
disorder

There was a significant reduction in RMSSD, HF-HRY, and
PCSDI in the SAD group compared to control, and
females had increased heart rate and decreased SDNN
compared to males.

SAD vs control: p = 0.02; Females vs males
increase in HR: p = 0.08; females vs males decrease
in SDNN: p = 0.28

Minassian et al, 2014'?

To elucidate the potential confounding effects of TBI and
depression in the relationship between HRV and PTSD in
a large cohort of military service members

Lower levels of high frequency HRV were associated with
a diagnosis of PTSD

p = 0.035 in predicting PTSD diagnosis compared
to no diagnosis based on HRV

Ha et al, 2015 '*

To evaluate short-term HRV in elderly patients with

newly diagnosed MDD

The depression group had significantly lower VLF, LF, HF,
and total power compared to control groups, as well as
significantly lower SDNN, RMSSD, and pNN50.

SDNN: p <0.001; RMSSD: p =0.001, pNN50:
p <0.001; VLF: p <0.001; total power: p <0.01

Valenza et al, 20167

To use ANS-related biosignals gathered by wearable

devices and find a correlation with mood disorders

The results demonstrate descriptive statistics showing
a correlation between good affective balance state and
clinical states, and propose a potential for biosignal-based

mood recognition.

Not reported

Sung et al, 2016%

Find correlation between early autonomic dysfunction

and late depression after mTBI

HF HRV was significantly higher in patients with mTBI
than control patients; while all other variables were

lower than control.

HF HRV higher in patients with mTBI: p <0.01

Pyne et al, 2016%°

Identify physiological and modifiable risk factors for post-

deployment mental health issues.

Pre-deployment HF was a significant predictor of
continuous and dichotomous PTSD symptom severity in

soldiers with higher pre-deployment PCL scores.

Pre-deployment HF HRV and PTSD symptom
severity: p = 0.0002

Dennis et al, 2016%°

To determine whether individuals with severe PTSD
symptoms have a higher baseline of emotional distress
characterized by high HR, low HRV

Participants with PTSD had significantly higher
ambulatory distress and lower LF HRV and HF HRYV than

controls.

LF HRV: p = 0.002, HF HRV: p = 0.043

Reinertsen et al, 2017'®

Calculate features from HR and HRV indicative of PTSD
in male veterans and use it as a proxy for illness severity

using a novel segmentation method on RR intervals

In patients with PTSD, LF is lower in both 24 hour

measurements and quiescent segments of data.

LF HRV lower in patients with PTSD: p = 0.01
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Tessier et al, 2017'

Investigate whether resting HR during the early
poststroke phase could help with detection of risk

depression and severity of symptoms

Higher HR, lower HRYV, and higher LF/HF ratio were
associated with higher severity of depressive symptoms

within the first week after stroke.

LF/HF ratio: p <0.01

Kimhy et al, 201732

Investigate the link between autonomic arousal and

auditory hallucinations in schizophrenia

Momentary increases in cardiac autonomic arousal
characterized by lower HF predicted transitory increases

in auditory hallucinations.

Significant negative association between AH and
HF- p = 0.049

Hattori et al, 201833

To find an association between ANS activity and
mortality in aphrenia to evaluate predictive value of HRV

for long-term survival

There was a significantly lower HF and TP value in non-

survivors than those of survivors.

HF. p = 0.013, TP: p = 0.042

Hartmann et al, 20183

Identify HRV parameters to serve as diagnostic markers
to separate patients with MDD from healthy controls,
and to evaluate improvement in symptom severity with
HRV

There were significant differences between groups in HF

and LF, with patients with MDD having lower values.

HF power- p= 0.000, LF p = 0.023, RMSSD p =
0.029

Eddie et al, 2018°®

To identify automatic psychophysiological processes

involved in borderline personality disorder

Greater BPD severity predicted increases in RMSSD,
pNN50, and HF HRV.

RMSSD: p = 0.01, pnn50: p = 0.004, HF: p = 0.007

Byun et al, 2019%¢

To investigate the feasibility of automated MDD
detection based on linear and nonlinear HRV features

using a classification and feature selection algorithm

Several HRV parameters including SDNN, RMSSD,
pNNS50, were significantly decreased in MDD group

compared to control.

SDNN: p = 0.032, RMSSD: p = 0.010, pNN50: p =
0.010

Carnevali et al, 2019'7

To identify brain structural differences in GAD that
underlie autonomic dysfunction indexed by reduced HRV

Compared to controls, patients with GAD had decreased
RMSSD at rest

Decreased RMSSD: p = 0.048

Clamor et al, 2019%7

To investigate HRV as an index of autonomic adaptability
to improve understanding of psychosis in comparison to
other mental health disorders

RMSSD was significantly lower in patients with psychosis
compared to patients deemed clinically high risk for
psychosis and healthy controls.

PSY vs HC: p = 0.002, PSY vs CHR, p = 0.004

D’Souza et al, 201938

To evaluate HF-HRV as a potential biomarker of the
underlying process in substance use and PTSD symptoms

After controlling for age, HF-HRV was associated
significantly with drug and alcohol symptom severity but
not PTSD symptom severity

HF-HRYV association with drug and alcohol
symptom severity: p = 0.008

Byun et al, 2019°°

To develop a machine learning approach for screening
depression based on entropy measures of heart rate
variability

During the experimental task, RRI was significantly
decreased between the control and MDD groups.

RRI decreased in MDD: p <0.001

Krause-Utz et al, 2019'¢

To investigate HF-HRV during resting-state and an ER
task in female BPD patients with comorbid PTSD
compared to BPD and healthy control patients.

Patients with BPD and PTSD had a lower HF-HRV than
patients in the healthy control group and BPD alone.

HF-HRYV in patients with BPD and PTSD vs healthy
control: p = 0.012; BPD + PTSD vs BPD alone: p =
0.022

(Continued)
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Table 4 (Continued).

Author

Study Objectives

Key Findings

Relevant Stats

Clamor et al, 2020*

To address HRV as a potential marker for psychosis

Resting state HRV significantly predicted negative affect in
patients with psychosis.

Resting state HRV and negative affect: p = 0.004

Forte et al, 2021*'

To examine the role of HRV in trait anxiety and
attentional processes towards emotional stimuli

There was a significant negative association between LF
and HF and detection of central interest changes.

LF: p= 0.04, HF: 0.02

Haigh et al, 2021

To investigate whether HRV would be reduced in

schizophrenia and autism compared to healthy controls

Adults with schizophrenia exhibited reduced variability in
R-R peaks and lower low frequency power in ECG trac

compared to controls.

SDNN: p= 0.041, LF: p = 0.052

Jacobson et al, 2022'3

To utilize smartphone sensors and personalized deep
learning models to predict future anxiety symptoms
among a sample reporting clinical anxiety disorder
symptoms

The model was able to predict the majority of variation in
anxiety and avoidance symptoms

Not reported

Abbreviations: HRV, heart rate variability; SDNN, mean of the standard deviation for all N-N intervals; HR, heart rate; MED, Minimum embedding dimension; LLE, Largest Lyapunov exponent; NL, Measures of nonlinearity; RRI, R-to-R
wave intervals; SDNN, mean of the standard deviation for all N-N intervals; HR, heart rate; MED, Minimum embedding dimension; LLE, Largest Lyapunov exponent; NL, Measures of nonlinearity; RMSSD, root mean square of successive
differences between normal heartbeats; VA, Age-standardized vagal activity; SVB:Sympatho-vagal balance; TS, Total score = VA + SVB; LF, low-frequency; HF, high-frequency; LF/HF, low-frequency to high-frequency ratio; RSA, Respiratory
sinus arrythmia; HP, Mean basal heart period; PPG, platysmoplethography; PP, PPG intervals; RR, Respiration rate; NN50, number of pairs of successive R-R intervals that differ by more than 50 ms; pNN50, proportion of NN50 divided

by the total number of RR intervals; TP, total power; IBI, interbeat intervals; CO, Cardiac output; ECG, electrocardiogram.
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related to the main findings reported in the paper. For example, Ahs et al investigated the relationship between the HF
component of HRV and regional blood flow in patients with social phobia.?® They reported a significant association
between HF-HRV and regional cerebral blood blow in the area of the anterior cingulate cortex, with a significant p-value
= 0.037. Similarly, other studies that compared patients with psychiatric conditions to healthy controls reported p-values
in their comparison between groups. Another example of reporting results using two concurrent psychiatric diagnoses
was in Krause-Utz et al, where they compared patients with both BPD and PTSD to healthy controls and found
a significantly lower HF-HRV in the patients with both diagnoses compared to BPD alone and compared to healthy
controls, with a p value of 0.012 and 0.022, respectively.16 Methods of statistical analysis varied across studies, most
commonly with ANOVA and multiple regression analyses; however, for simplicity and comparison purposes, p-values
are included in Table 4 to highlight which studies reported results that met statistical significance.

Discussion

This review aims to understand the role of HRV in psychiatric conditions, with which we hope to demonstrate its
potential as a clinical diagnostic tool. As previous studies have demonstrated, HRV analysis may provide a useful
perspective into monitoring chronically ill patients and predicting adverse outcomes.*> Current standard tools for
diagnosis of psychiatric conditions include thorough history-taking, behavioral assessment, and self-guided question-
naires in accordance with established guidelines such as the DSM 5.*¢ However, the main roadblock that clinicians
currently face is in identifying and diagnosing psychiatric conditions prior to the onset of acute symptomatic crisis, or
predicting prognostic factors that may warrant additional treatment measures. HRV monitoring may be a useful addition
to current standards in predicting psychiatric patients’ prognoses and response to treatment.

The most reported psychiatric condition in the studies reviewed was PTSD (21%), followed by depression and
anxiety (15%). Identification and diagnosis of these conditions varies greatly, especially in the setting of acute mental
health emergencies. Although the diagnosis of psychiatric conditions relies on specific criteria outlined by the DSM V,
there remains variability and uncertainties regarding disease severity and prognosis. Given that collateral information as
well as the specific history obtained often have a tremendous impact on a psychiatrist’s assessment of a patient’s
condition, the addition of more objective parameters such as vitals or lab values obtained in real-world settings might aid
a physician in both diagnosing their patients and personalizing patients’ treatment plans.

In a study of veterans diagnosed with PTSD, Sadeghi et al analyzed heart rate data and found that PTSD hyperarousal
events can be identified by unique heart rate patterns.*’ This is consistent with the findings of our systematic review in
demonstrating an association with HRV, but diagnostic power has still not been demonstrated. For example, Hopper et al
demonstrated an elevated basal HR in patients with PTSD.?* Although Hopper et al did not appreciate a significant
difference in LF-HRV or RMSSD, Minassian et al and Dennis et al demonstrated lower HF-HRV and LF-HRYV in patients
with PTSD. Specifically, Minassian et al showed that high LF/HF ratio prior to deployment was significantly associated
with post-deployment diagnosis of PTSD in active-duty marines. A better understanding of the effect of PTSD on the
sympathetic and parasympathetic nervous systems is needed, and studying HRV might be useful in uncovering this
association. Although the focus of this systematic review was on the role of HRV in the diagnosis and understanding of
specific DSM V disorders, it is critical to understand the potential that HRV holds in helping physicians evaluate the
necessity and efficacy of alternate treatment options for patients with suspected PTSD. An example of a targeted PTSD
therapy based on the interaction between the autonomic nervous system and its effects on heart rate was studied by Breit
et al, who report preliminary evidence that vagus nerve stimulation can aid outcomes for treatment-refractory depression
and PTSD.*® Additional studies into the treatment of PTSD and its effect on HRV would allow clinicians to utilize HRV
monitoring to evaluate response to targeted therapies when other refractory agents have failed.

Few systematic reviews in the current literature have evaluated the relationship between HRV and the natural disease
course of major depressive disorder. Our review shows that results from the studies included suggest that patients with
depression have higher baseline HR and lower HRV. Additionally, there is a correlation between lower HRV and
depression symptom severity, which can be very useful as a clinical prognostic factor to create adequate treatment
regimen to prevent acute symptom crisis. Several studies have evaluated whether HRV might predict treatment response
for patients with depression. In a paper by Choi et al, the study aimed to evaluate whether baseline HRV parameters
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could predict response to various antidepressant medications such as SSRI, SNRI, and TCA; they found that the change
in low frequency to high frequency was positively associated with 12-week treatment response.*” This supports clinical
use of HRV to not only predict the natural course of psychiatric conditions such as major depressive disorder but also to
measure response to treatment with first-line agents such as SSRI medications.

With regard to schizophrenia, Kimhy et al found a significant negative association between HF-HRV and the severity
of auditory hallucinations.*” Hattori et al and Haigh et al demonstrated reduced HRV, analyzed with different methodol-
ogies, in patients with schizophrenia.*>** Our review findings are consistent with the current literature on HRV and
schizophrenia, which have previously reported on associations between increased resting heart rate and reduced vagal
modulation as reflected by decreased HRV. In a study by Refisch et al, researchers analyzed a genetic variant, the HCN1
gene, that predisposes patients to developing schizophrenia, and found an increased association in HRV deviations in
patients that were homozygous compared to heterozygous for the variant.>® Another study by Wang et al found that
SDNN was significantly associated with increased aggression in hospitalized patients with schizophrenia, suggesting
utility in HRV as a monitoring tool for inpatient episodes of both verbal and physical aggression.’’ Prognosis and
prediction of symptom severity in patients with schizophrenia remains a current limitation that clinicians face while
managing acute inpatient episodes, as well as preventing future episodes. As discussed previously in the management of
patients with depression and PTSD, HRV may also be useful in monitoring treatment response in schizophrenia. In
a study comparing HRV response between unmedicated patients with schizophrenia to patients on olanzapine or
haloperidol, there was a significant difference in LF-HRYV, suggesting an effect on autonomic regulation as a result of
treatment in these patients.’” These findings reflect a potential role for HRV as a monitoring tool for diagnosis, symptom
severity, and response to antipsychotic medications; further studies would allow for a better understanding of both the
benefits and limitations of HRV in this setting. Additionally, the relationship between schizophrenia and the development
of heart failure has been studied in the past, which suggests another practical implication of prognosis and monitoring
schizophrenia using HRV beyond the field of psychiatry and into assessment of overall cardiovascular mortality.>

In the studies selected in this review, patients were enrolled and consented to HRV monitoring via a variety of
methods and selection criteria. As HRV data is often obtained from wearable devices and entails routine monitoring
beyond an outpatient office visit, ethical sourcing of data should be ensured with the patient’s informed consent and
participation, along with a discussion of potential data privacy issues and risks. For example, Jacobson et al utilized
smartphone sensors to monitor HRV in patients with anxiety.'? Patients were asked to download an application on their
device that recorded information including GPS location and number of outgoing phone calls to correlate anxiety
symptom severity with social interactions, exposure to light, and environmental factors. Participants were informed of the
frequency and duration of device monitoring (once per hour through the app), as well as potential risks such as data
security and privacy. Privacy must be an important ethical consideration in HRV monitoring with study designs involving
at-home wearable devices and use of personal smartphones, with a proper discussion of the risks and benefits with each
participant prior to their enrollment, which Jacobson et al demonstrated in their study protocol. Similarly, methods used
for data handling and security after HRV variables are initially collected should be explicitly stated in study design
protocols. The majority of studies outlined their respective study protocols for ensuring data security during analysis.

Although variability existed in the method of analysis and patient population in the included studies, certain trends
were apparent even across diagnoses. For example, patients with social anxiety disorder demonstrated changes in HF-
HRYV, which correlated to blood flow in the anterior cingulate cortex according to Ahs et al. Similarly, per Alvares et al,
patients with symptoms of phobic anxiety had lower SDNN and a smaller range of HR values.® Generally speaking,
higher heart rates have been associated with lower HRV. Thus, ideally, the association between HRV with a disease
should be analyzed after controlling for HR. Overall, patients with psychiatric disorders seem to have lower variability in
HR with a higher basal HR. It is important to note that a smaller range of HR values has been associated with increased
risk of cardiac conditions, including heart failure and sudden cardiac death. Thus, it is critical to better understand and
characterize this trend in heart rate variability.>*>

Studies were selected and narrowed down via the search method outlined in Figure 1, using MEDLINE, Cochrane,
EMBASE, and PsycInfo library databases. However, it should be noted that the selection of studies was limited by
publication bias, as there may have been additional contributions to the field that were not published in these databases.
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Future inclusion of studies beyond those that are published would provide a more comprehensive review of the current
literature.

Potential sources of bias in the studies reviewed may come from methods in recording HRV. Measurement techniques
for HRV varied widely, with some using ambulatory monitoring devices, while others used standard lead ECG readings.
One study even included a smartphone camera as the device used to record HRV, which is much less reliable than
a wearable device or other method of measurement. Additionally, among the studies reviewed, HRV analysis was
conducted via different platforms, with 27% using the KUBIOS HRV package compared to others using MATLAB or
SAS. The frequency of analysis may impact HRV reporting. Past research has noted that a reliable frequency range is
between 250 and 500 Hz or higher, but as no recent work has been done to confirm this, there remains uncertainty about
this topic.>® In our review, two studies reported frequencies less than 200, which may alter the precision of their results.
Furthermore, a major source of bias is length of recording, with shorter recordings being much more affected by activity
during recording. Finally, reporting of statistical analyses varied across studies, which should be acknowledged as
a factor that limited the robustness of this review. In order to identify which studies had significant findings, discussion of
statistics was limited to p-value reporting and highlighting studies that met significance with p < 0.05. However, a future
review with a more in-depth analysis of the specific statistical tests that were run in each study could add additional
nuance and robustness to the interpretation of HRV findings.

The studies included in this review were assessed for quality using the Downs and Black assessment tool, which was
previously validated for evaluating study quality, external validity, bias, confounding and selection bias, as well as study
power. In evaluating external validity based on this tool, only two out of 31 studies met criteria for reporting specific
methods for random sampling of patients, which should be noted as a source of bias in the interpretation of the study
results. Similarly, confounding and selection bias was present in the majority of studies, as they failed to report clinical
confounders such as sex, BMI, and age, or control for these variables in their analysis. Prior studies have demonstrated
that these limitations should be considered in interpreting study results and further support the need for additional studies
to be conducted to assess the utility of HRV in psychiatric conditions. Future studies can better control for these
differences by enrolling patients of the same sex, or by controlling sex and age-matched healthy controls to compare
groups with confounder analysis.

As previously studied, physiological parameters such as respiratory rate and heart rate can also greatly affect the
variance of HRV even in healthy patients.”” The majority of studies did not incorporate adjustment for respiratory rate
with heart rate reported alongside HRV parameters. This may be increasingly relevant in patients who are hospitalized for
mental health crises and may be monitored for rapidly fluctuating heart rates, which can affect overall HRV; however, it
may not be as important of a factor to consider in standard outpatient psychiatric care where HR may be more stabilized.
In addition, several studies did not report results due to proprietary reasons, which is another limitation in this space.

Similarly, prior studies have demonstrated the impact of sex-related differences in HRV in cohorts matched for other
variables such as age and other comorbidities. Previous work suggests parasympathetic activity may be a dominant
contributor to autonomic signaling in women compared to men, resulting in altered HRV over time.”® In this review, five
studies eliminated sex as a confounding variable by only enrolling women or only enrolling men as participants.
However, the remainder of the studies did not account for sex-related differences in HRV, which should be taken into
consideration for future studies and may influence the significance of their results.

Additional confounders that may contribute to variations in HRV include BMI, potentially due to its role in
cardiovascular health and increased atherosclerotic disease risk. Prior studies have demonstrated a link between increased
visceral adiposity and increased sympathetic activity in obese adults, as well as decreased vagal responsivity.”® However,
these effects on HRV may still be reversible, as shown in the LIGHT randomized trial studying healthy lifestyle changes
in adults with increased cardiovascular risk.®® The trial showed improvements in both time domain and frequency
domain measurements of HRV in patients with diabetes at 1-year follow-up after initiation of lifestyle changes such as
improved diet, increased step count, and weight reduction. Although our current review excluded articles that focused on
cardiovascular risk or other comorbid diagnoses to focus on psychiatric conditions and their relationship with HRV, these

confounding variables may play a role even in patients with primarily psychiatric symptoms. For future investigation on
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how these confounders may impact HRYV, participants should be matched based on similar BMI as well as similar overall
cardiovascular risk factors.

Comparison to healthy controls was used in approximately half of the studies reviewed, providing insight into
a normalized value of HRV in some cases. However, only a fraction of the studies matched participants to controls based
on age and gender, which are known factors that can potentially impact the overall measurement of HRV and may
introduce a source of bias in analysis of significance. Studies have also suggested that keeping an individual as their own
control, or measuring intra-individual rather than inter-individual heart rate variability, might be a useful parameter and
potentially helpful in determining if a patient’s condition has worsened with time.®' This has been studied in relation to
patients diagnosed with COVID-19 and suggests that change in heart rate variability is more critical than its absolute
value.®*®® Future studies might be able to use intra-individual heart rate variability to better shed light on the severity of
certain psychiatric diseases. It is critical to note that in several of these studies, the study design might themselves have
been confounding factors to the data. Future studies must develop standardized measurement protocols to ensure
repeatability and validity of conclusions.

It is important to note that there exists diversity of thought in this field regarding the utility of HRV. Given the
variation in quality of publications as well as study methodology and design, there exist studies that have both shown
a significant association between HRV and specific psychiatric disorders as well as those that have found no significance.
This makes it particularly difficult to draw definitive and practical insights regarding this topic, something that we hope
future studies can help improve. A thorough surveillance of the current literature shows the least variability in association
between schizophrenia and HRYV, yet there remains a significant variety of opinions in the discussion of depression and
PTSD as mentioned above.

Additionally, there are still gaps in our current understanding of HRV as well as limitations that must be addressed
when considering the use of HRV as a clinical prognostic tool. Ethical considerations surrounding data privacy should be
mentioned, as HRV is typically derived from continuous monitoring of heart rate and can be analyzed from devices such
as smartwatches or smartphones, resulting in access to personal data. Applications that download and store patient data
should outline data security methodology explicitly in order for patients to fully understand potential risks and benefits
prior to providing informed consent. As discussed previously, there are imitations of HRV, with confounding variables
such as age, sex, BMI, and cardiovascular risk factors that may influence the interpretation of HRV analysis. However,
our review of the current literature demonstrates that significant associations between HRV and psychiatric conditions do
exist, and future studies are needed to assess HRV as a clinical tool.

Conclusion
There exists a significant amount of literature regarding HRV and psychiatric disorders. Furthermore, COVID-19 has
increased the prevalence of mental health disorders, which is another reason that a better understanding of the relation-
ship between HRV and psychiatric disorders needs to be explored.®® If physicians are able to glean diagnostic/prognostic
information from HRYV, this could broadly enhance patient care by allowing for more personalized treatment strategies,
early intervention, and a better understanding of a patient’s disease trajectory. For example, although this systematic
review did not specifically explore the role of HRV in monitoring response to medications, it is one of many practical
clinical applications of HRV as a tool. There is a current need to identify biomarkers for disease trajectory and treatment
outcomes for psychiatric disorders. HRV has the potential to contribute to a precision medicine approach, wherein
clinical and biologic assessments can be utilized to determine diagnosis, treatment, and prognosis prediction. The field
will benefit from future studies that specifically explore the utility of HRV in each of these arms of disease management
for major DSM V psychiatric disorders as well as ways in which an HRV assessment can be objectively and system-
atically incorporated in psychiatric clinical appointments. A longitudinal study that tracks HRV over an extended period
of time for patients with various diagnoses will also prove extremely useful. Furthermore, it will be important to
understand confounders including other medications and comorbidities that might be attached to a patient, which future
studies might also explore.

However, as discussed, there is significant variability in the methodologies used to study this correlation, which
makes it difficult to meaningfully interpret available data in a way that is directly clinically applicable. Furthermore, the
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quality of the available literature is lacking due to poor management of confounding factors including age, sex,
comorbidities, and lifestyle. Given that these factors may heavily influence both the natural course of psychiatric
disorders and HRYV, future studies must ensure consistent randomization, matching, methodologies for HRV determina-
tion, and data analysis to appropriately account for confounders. Additionally, the use of standardized protocols and
rigorous methodologies in future research may help establish the validity and clinical utility of HRV in psychiatry.

The presence of an association between HRV and the severity of various psychiatric disorders, however, remains
promising. We hope that additional data in this space can pave the way for HRV parameters to enhance the diagnosis and
prognosis of several psychiatric disorders.
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