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A B S T R A C T

Objectives: Recent research indicates that Heart Rate Variability (HRV) is affected in Bipolar Disorders (BD)
patients. To determine whether such alterations are a mere expression of the current mood state or rather
contain longitudinal information on BD course, we examined the potential influence of states adjacent in time
upon HRV features measured in a target mood state.
Methods: Longitudinal evaluation of HRV was obtained in eight BD patients by using a wearable monitoring
system developed within the PSYCHE project. We extracted time-domain, frequency-domain and non-linear
HRV-features and trained a Support Vector Machine (SVM) to classify HRV-features according to mood state.
To evaluate the influence of adjacent mood states, we trained SVM with different HRV-feature sets: 1) belonging
to each mood state considered alone; 2) belonging to each mood state and normalized using information from
the preceding mood state; 3) belonging to each mood state and normalized using information from the
preceding and subsequent mood states; 4) belonging to each mood state and normalized using information from
two randomly chosen states.
Results: SVM classification accuracy within a target state was significantly greater when HRV-features from the
previous and subsequent mood states were considered.
Conclusions: Although preliminary and in need of replications our results suggest for the first time that
psychophysiological states in BD contain information related to the subsequent ones. Such characteristic may be
used to improve clinical management and to develop algorithms to predict clinical course and mood switches in
individual patients.

1. Introduction

In contrast to all the other branches of medicine, psychiatry has
suffered since birth from a lack of external indices to validate the
diagnosis and to monitor the clinical course of disorders. With the
exception of psychiatric conditions caused by a primary somatic
disorder (e.g., Major Depression due to hypothyroidism), no biological
marker to date has proven to be reliable, consistent and accurate
enough to be used in practice for clinical (Antonijevic, 2008; Ozerdema
et al., 2013; Teixeira et al., 2013) as well as forensic purposes (Sartori
et al., 2011). Specifically, while sleep alterations (e.g., REM latency)
(Antonijevic, 2008), hormonal changes (e.g., cortisol rhythm altera-

tions) (Antonijevic, 2008; Teixeira et al., 2013), and brain metabolic
(e.g. metabolism reductions in the prefrontal cortex) (Ozerdema et al.,
2013) or structural alterations (e.g., reductions in hippocampal vo-
lume) (Arnone et al., 2012; McKinnon et al., 2009) have been found to
be altered in mood disorders, none of these changes has shown enough
sensitivity or specificity to make any of them feasible for a clinical use.

Recently, the study of the Autonomic Nervous System (ANS) has
provoked a growing interest in the assessment of both psychiatric as
well as somatic disorders. Significant alterations in heartbeat dy-
namics, including alterations in the Heart Rate Variability (HRV) –

which is the complex modification of the heart rate over time - have
been detected in several somatic and mental disorders (Alvares et al.,
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2016; Henry et al., 2010; Rajendra Acharya et al., 2006). A recent
meta-analysis, for instance, has shown a consistent reduction of
different HRV measures in patients with psychiatric disorders as
compared to controls (Alvares et al., 2016). Such decrease in HRV
was smaller for anxiety disorders and maximal in psychotic patients. It
is important to note that this meta-analysis found such a consistent
reduction by grouping different measures of HRV. As a matter of fact,
HRV analysis does not provide a single index, but a series of features
that describe different and independent information. HRV can be
characterized using distinct methods, which assess it either in time or
in frequency domains (Henry et al., 2010; Rajendra Acharya et al.,
2006). In particular, frequency domain methods consider two compo-
nents of the variability, the low (Low Frequency -LF, 0.04–0.15 Hz)
and the high (High Frequency - HF, 0.15–0.4 Hz) frequencies. The HF
component of the HRV is basically determined by parasympathetic
activity (Rajendra Acharya et al., 2006), while LF is affected by both
parasympathetic and sympathetic modulation. In fact, components
above 0.15 Hz (i.e., HF band) seem to be exclusively mediated by vagal
activity (Henry et al., 2010; Rajendra Acharya et al., 2006), where the
strongest contribution to HF power modulation is due to respiration
(the so-called Respiratory Sinus Arrhythmia). On the other hand,
changes below 0.15 Hz (i.e., LF band) are mediated by both cardiac
vagal and sympathetic nerves with the contribution of other hemody-
namic- and vascular-mediated modulations (Saul et al., 1991), includ-
ing baroreflex activity (Goldstein et al., 2011; Rahman et al., 2011). For
this reason, it has been proposed that the LF/HF ratio may be a valid
index of the sympatho-vagal balance (Montano et al., 2009). However,
given the fact that LF is mediated both by vagal and sympathetic
innervations, and by the previously mentioned other hemodynamic-
and vascular-mediated modulations, both the exact physiological
meaning of LF component and the reliability of the LF/HF ratio as a
measure of sympatho-vagal balance are controversial (Goldstein et al.,
2011; Heathers, 2012; Rahman et al., 2011). In fact, recent reports
suggested that the main SNA component of LF is parasympathetic as
well (McCraty and Shaffer, 2015; Reyes del Paso et al., 2013). Studies
on both physiological (e.g., physical exercise (Warren et al., 1997)) and
pharmacological (e.g. adrenergic agonists (Ahmed et al., 1994))
sympathetic stimulation failed to show the expected LF power in-
creases and, more in general, the published findings are far less
consistent than one can glance at a first sight (Reyes del Paso et al.,
2013).

Another way to assess HRV is by measuring its nonlinear domains,
including complexity and fractal features (Rajendra Acharya et al.,
2006). Analysis methods derived from nonlinear system dynamics have
started a novel approach for studying the characteristics of HRV. These
methods differ from the conventional ones because they are designed to
assess the quality, scaling and correlation properties of the signals
(Aubert et al., 2009). Although nonlinear analyses are more difficult to
interpret in terms of physiological meaning, it has been suggested that
“Nonlinear control of HRV poses potential physiological advantages
in the possibility of adapting quickly and more subtly to changes in
physiological needs” (Aubert et al., 2009). Although some authors
highlighted some shortcomings in the use of this type of features,
including some reproducibility matters (Tan et al., 2009), they have
been suggested to have some valid prognostic and diagnostic uses (e.g.,
(Leistedt et al., 2011; Yang et al., 2013; Yang and Tsai, 2013)).

HRV alterations have been found in cardiac disorders, including
coronary disease and heart failure (Feng et al., 2014; Harris et al.,
2014; Peterson et al., 2014; Radaelli et al., 2014; Sandercock and
Brodie, 2006; Wendt et al., 2014). Particularly, HRV alterations may
predict prognosis and can be used as a marker of the health of the heart
(Sandercock and Brodie, 2006). The most frequent findings are
reduced variability, changes in the HRV spectral distribution and a
reduction in HRV complexity. Thus, in general, a loss of variability or a
prevalence of the LF component of the spectrum are associated with a
more compromised heart function and a poorer prognosis (Sandercock

and Brodie, 2006). On the contrary, an increased HRV is associated
with a better health not only in patients but also in healthy volunteers,
so as to be considered a valuable indicator of general well-being
(Gonçalves et al., 2014). Given this data, it is not surprising that other
studies have shown that HRV can be used as a marker to assess the
severity of distinct clinical conditions, including stroke (Tang et al.,
2015), epilepsy (Lotufo et al., 2012), multi-organ failures (Liu et al.,
2013; Zhang et al., 2015), cancer fatigue (Crosswell et al., 2014) and
autoimmune diseases (Adlan et al., 2014; Holman and Ng, 2008).

Regarding mood disorders, several indications support a link
between heart function and mood: a) There is a frequent occurrence
of comorbidity between mood disorders (particularly, but not only,
Major Depression) and cardiovascular conditions (particularly, but not
only, coronary artery diseases) (Jiang, 2008; Lichtman et al., 2014;
Rovai et al., 2015); b) occurrence of mood disorders in patients with
heart diseases is associated with a worse clinical prognosis (Lichtman
et al., 2014); c) presence of cardiovascular disorders significantly
increases the risk of developing a Mood Disorder (Jiang, 2008); d) a
common biological milieu has been proposed for such a frequent
comorbidity and HRV alterations can be part of it (Rovai et al., 2015).

Thus, it is not surprising to find research on autonomic nervous
system and its alterations in relation to psychopathology. HRV altera-
tions have been found in acute and chronic stressful conditions (Jones
et al., 2014; Parker et al., 2014; Tanev et al., 2014), shift-workers (Lo
et al., 2010), insomnia (Jiang et al., 2015; Maes et al., 2014),
psychosomatic disorders (Salvioli et al., 2015) and major mental
disorders such as schizophrenia, anxiety and mood disorders (Akar
et al., 2014; Clamor et al., 2014; Kemp et al., 2014; Moon et al., 2013;
Sanchez-Gonzalez et al., 2014; Valenza et al., 2013). Particularly, as far
as mood disorders are concerned, changes in the features derived from
HRV analysis were found in Major Depression (Stapelberg et al., 2012;
Wang et al., 2013) and, recently, in Bipolar Disorder patients, who, as a
group, showed a significantly decreased HRV and parasympathetic
activity as compared to healthy individuals (Cohen et al., 2003; Henry
et al., 2010). Finally, a recent study highlighted that the steeper the
reduction of HRV, the more severe was the clinical symptomatology
both in bipolar and schizophrenic patients (Quintana et al., 2015).

On the other hand, modulation of the autonomic nervous system
seems to have relevant effects on the central nervous system both
under physiological, and even more so, pathological conditions. For
instance, vagal nerve stimulation (VNS) has been widely applied in
patients with Major Depression so to become approved by FDA for the
treatment of drug-resistant depression (Berry et al., 2013; Martin and
Martín-Sánchez, 2012). However, results on VNS efficacy remain
inconsistent and largely based on open-labeled studies (Daban et al.,
2008). Another indication of the potential link between autonomic
nervous system and mood is provided by the use of relaxation
techniques based on autonomic nervous system modulation, including
cardio-feedback. These techniques are widely used for managing stress
and negative emotions (Karavidas et al., 2007; Lehrer and Gevirtz,
2014). Nonetheless, the pathophysiological relationship between ANS
and mood is still debated (Thayer and Lane, 2009). Recently, it has
been suggested that the relationship between HRV and mood may be
based on the role of parasympathetic activity, which affects the cardiac
dynamics and plays a role in emotional regulation and flexibility, as
well as in social cognition (Chang et al., 2013; Cristea et al., 2014). For
instance, recent studies have shown an association between HRV and
cerebral blood flow in the middle prefrontal cortex, which is actively
engaged during emotional modulation tasks (Chang et al., 2013;
Thayer et al., 2012). On the basis of these results, the authors claimed
that HRV may be an index of the activity of a central autonomic
network that directly influences both the heart and the control over
behavior (Thayer et al., 2012). Moreover, HRV alterations were
thought to be in a strict relationship with cholinergic mediated
inflammatory modulation and with changes in endocrine and allostatic
systems (Alamili et al., 2015; Kenney and Ganta, 2014). It is interesting
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to note that such alterations also may play a role in the pathophysiology
of mood disorders (Kemp and Quintana, 2013).

Therefore, HRV metrics seem to reflect clinical states in mood
disorders, although they lack specificity, as HRV alterations are shared
among mental disorders and several somatic conditions.

In light of these considerations, within the framework of the
European project PSYCHE (Personalized monitoring SYstems for
Care in mental HEalth), we have developed the PSYCHE platform for
the longitudinal physiological monitoring of Bipolar Disorder patients
through comfortable wearable systems (Javelot et al., 2014). The
PSYCHE system was not primarily conceived to unveil the pathophy-
siology of ANS alterations in mood disorders, but mainly to provide
indices that may be useful for the clinical management of bipolar
patients. The PSYCHE platform consisted of a wearable sensorized t-
shirt, embedded with fabric-based electrodes that acquire ECG, re-
spiration signals, and body activity, as well as a smartphone, collecting
data from the wearable system via Bluetooth technology and that could
be used to record voice parameters and subjective data (e.g., mood and
sleep agendas) (Valenza et al., 2013, 2014b). All the data from each
individual patient, including both the parameters acquired from the
system and the clinical and medication data, were stored in a web-
portal (Javelot et al., 2014).

We previously demonstrated that this system can lead to an
automatic classification of mood states in bipolar disorder patients,
which is highly consistent with the clinical diagnosis (Valenza et al.,
2014a, 2015a, 2013, 2014b). It should be underlined that such a highly
accurate classification was obtained using a multi-feature analysis, that
is, by employing information derived from multiple HRV features to
classify the mood states, and not only from a single one, contrasting
most previous studies (e.g., (Chang et al., 2014; Cohen et al., 2003;
Henry et al., 2010; Latalova et al., 2010)). This aspect is particularly
relevant because the use of multiple features in classification algo-
rithms may help overcoming the above-mentioned specificity issue of
HRV metrics.

Moreover, all the studies published to date measured HRV only
once, and therefore did not provide any longitudinal evaluation. On the
contrary, in our previous studies, we described a potentially useful tool
for the longitudinal clinical management of mood disorder patients.
HRV analysis may provide a very precise estimation of the mood state
of a patient remotely and in the absence of any direct clinical evaluation
(Valenza et al., 2013). Therefore, the PSYCHE system should be
regarded as a clinical decision support tool and not as an alternative
to the clinician assessment. Indeed, HRV monitoring does not replace
the clinical interview (which remains the gold standard for mood
evaluation), but can rather provide an accurate estimation that may
contribute to monitor the patient state in the periods between
specialistic evaluations. This estimation is highly consistent with the
clinical interview, and becomes more accurate when data from previous
mood state evaluations are considered (Valenza et al., 2014a, 2014b).

The above-mentioned observations prompted us to hypothesize
that the current mood state may contain some psychophysiological
features that will be expressed in the following one. If this is the case,
then we expect that mood automatic classification will be improved if
information from subsequent mood states is taken into account.
Specifically, we hypothesized that mood swings occurring during the
clinical course of Bipolar Disorder possess physiological features,
related to cardiovascular dynamics, that depend on the previous mood
state and that contain information related to the subsequent state as
well. In this view, Bipolar Disorder should be regarded in its whole
longitudinal course, considering the symptoms transition in a ‘con-
tinuum’ and not just as a series of states that simply alternate without
any relationship among each other. This is in line also with clinical
observations: for instance, a cycle in which mania follows depression
and precedes euthymia is associated with a longer depressive status
and a lesser intense response to mood stabilizers as compared to a cycle
in which depression follows mania and precedes euthymia

(Koukopoulos et al., 2013).
To test this hypothesis, we conducted a study in a subgroup of

Bipolar Disorder patients to assess whether the HRV-based classifica-
tion of mood states is affected by the clinical course of the illness, that
is, by the mood states that precede and follow a target state. In other
words, the recognition, for instance, of a mixed state through its HRV
feature representation (HRV-fr) at time T would be improved by taking
into account the mood state – that is depression, mixed, mania or
euthymia – at time T-1 and T+1, respectively.

2. Methods

2.1. Patients with BD

We studied long-term HRV dynamics in eight Bipolar Disorder
patients (F/M =3/5; mean age ± s.d. =40 ± 10 years). All the patients
signed a written informed consent document before the enrollment
into the study. The study, conducted under the PSYCHE protocol, was
approved by the local Ethical Committees at the participating institu-
tions, namely, Pisa University Hospital and University of Strasburg. Six
patients had Bipolar I disorder and two had Bipolar II disorder
according to the DSM-IV-TR criteria (APA, 2000). Diagnoses were
performed by board-certified psychiatrists or clinical psychologists.
Patients were recruited at the Pisa University Hospital and at the
Strasbourg University Hospital. All the patients underwent a complete
medical interview during which a physician reviewed their medical
charts to exclude presence or history of any cardiac or somatic disease
that may affect heart dynamics. The two patients recruited in Pisa were
inpatients at the psychiatric ward while the six patients in Strasbourg
were outpatients. All patients were suffering from an active mood
episode at the moment of recruitment and were recorded until
remission was achieved and (for the two inpatients) they were
discharged from the hospital ward (Table 1). Fig. 1 illustrates the
timeline of the study for each patient.

The clinical labeling of the mood states was performed according to
the Young Mania Rating Scale (YMRS) (Young et al., 1978) and the
Quick Inventory of Depressive Symptomatology (QIDS-C) (Rush et al.,
2003) scores. YMRS is an 11 items rating scale to assess maniac
symptoms and it is based on the patient's subjective report of his or her
clinical condition and on clinical observations made during the course
of the psychiatric interview. The QIDS-C is a 16 items scale used to
assess depressive symptoms based on the patient's report.

For our purpose we considered a YMRS score greater than six as
indicating a hypomaniac state; a QIDS-C higher than eight as indicat-
ing a depressive state; mixed state was considered if both the scales
were over the above-mentioned cuts-off. Both YMRS and QIDS-C were
administered by a clinical psychologist or a board-certified psychiatrist

Table 1
Patients demographic and clinical information, including site of recruitment, age, gender,
therapy (drug classes) and clinical evaluation at each acquisition.

Demographics Acquistion

ID gender age treatment 1 2 3 4 5 6

Stras1 M 39 BDZ. MDS. AD. AP HY HY HY ES ES
Stras2 M 51 BDZ. MDS AD. AP HY ES HY HY
Stras3 M 39 MDS, AD. AP HY HY ES ES ES
Stras4 M 33 MDS, AD, AP DP DP DP DP DP ES
Stras5 F 54 MDS, AD, AP DP DP HY DP ES
Stras6 F 37 MDS. AD HY HY ES ES ES
Pisa1 F 32 BDZ. MDS. AD. AP DP DP ES
Pisa2 M 56 MDS. AD MS MS DP DP DP ES
mean 40.5
st.dev 9.7

BDZ: benzodiazepine and/or zolpidem; MDS: mood stabilizers; AP: antipsychotics; AD:
antidepressants; HY: Hypomania; DP: Depression; ES: Eutymic state; MS: mixed state.
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trained for the administrations of the two scales and after reaching an
acceptable inter-rate reliability. The clinical labeling was done the same
day of the HRV evaluation performed with the PSYCHE system.

Because of the observational nature of this study, patients were
taking different combinations of antidepressant, mood stabilizer and/
or antipsychotic drugs (Table 1).

2.2. Data acquisition

We collected 39 ECG recordings (11 hypomaniac, 13 depressive, 2
mixed and 13 euthymic states) (Table 1) with a sampling frequency of
256 Hz. ECG series were processed and analyzed using a self-coded
Matlab software and related toolboxes for digital signal processing (see
Supplementary Materials for further details).

Overall, each patient was followed for a minimum of three and a
maximum of six recording sessions, for a total of more than 300 h of
recordings. The mean ( ± standard deviation) interval between each
recording was 6 ± 2 days. The mean ( ± standard deviation) length of
the recordings was 16 ± 1 h. Table 2 shows the mean ( ± standard
deviation) of the scores of QIDS and YMRS for each state.

2.3. The PSYCHE platform system

To collect psychophysiological data we used the core sensing system
of the PSYCHE project, i.e., the wearable monitoring platform. The
system was developed by Smartex s.r.l. (Pisa, Italy) and consists of a
comfortable sensorized t-shirt with dry textile-based electrodes that
acquire the patient's ECG, a piezo-resistive sensor to acquire the
respiration signal, and a three-axial accelerometer. The system is easy
to use and reaches electrochemical equilibrium between the skin and
electrodes after just a few minutes, allowing for a high and stable
quality of the signal. While using the Psyche system, patients were
instructed to freely perform their usual daily-life activities either at
home or in the hospital ward, while the afore-mentioned physiological
signals were monitored and stored in a microSD card. A smartphone
received through a Bluetooth connection the data from the wearable
system and sent it to a remote server wherein the processing
algorithms were located. Further information on the Psyche project
can be found in (Javelot et al., 2014; Valenza et al., 2013).

2.4. Data analysis

For this study we considered only data extracted from the ECG
signal. Specifically, we considered HRV features defined in a) the time
domain: mean (HRVmean), standard deviation (HRVstd), square root
of the mean of the sum of the squares of differences between adjacent
inter-beats (RMSSD), normalized number of pairs of adjacent inter-
beats differing by more than 50 ms (pNN50); b) the frequency domain:
spectral power in the VLF, LF, HF and their ratio (LF/HF): c) entropic
domains: approximate entropy (ApEn) and sample entropy (SampEn)
and detrended fluctuation indices (DFA-α1, α2) (Valenza et al., 2013,
2014b). The features extraction procedure was performed on contin-
uous, artifact-free, five-minute long recordings of heartbeat dynamics
producing a Heart Rate Variability feature representation (HRV-fr)
‘example’. Parts of the signals with artifacts and artifact-free ECG
signals lasting less than 5 min were discarded and not considered for
further analysis. The length of five minutes was chosen in agreement
with the current guidelines and in order to fulfill the signal processing
requirements of stationarity for long-term HRV series (Rajendra
Acharya et al., 2006; Task Force of the European Society of
Cardiology, 1996). A more detailed description of the algorithms used
for HRV extraction, artifact correction and HRV-features calculation
can be found in the Supplementary Materials.

Each ‘example’ was labeled according to the mood status defined by
the clinical evaluation described above. Every mood state of a given
Bipolar Disorder patient is therefore represented as a set of ‘examples’.
Support vector machines (SVM) algorithms with nonlinear radial basis
kernel were used to test the accuracy of the automatic labeling of the
‘examples’. In order to test whether a relationship was present among
subsequent mood states, we trained and compared results coming from
four SVM algorithms, which take as input four different HRV-fr sets:

1) The HRV-fr set belonging to each mood state was considered alone
and as independent from data coming from other mood states.

2) The HRV-fr set belonging to each mood state was normalized using
the information coming from the previous mood state in time.

3) The HRV-fr set belonging to each mood state was normalized using
the information coming from the previous and subsequent mood
states.

4) The HRV-fr set belonging to each mood state was normalized using
the information coming from two randomly chosen mood states to
control for differences in accuracy exclusively due to a double
normalization.

Details including the mathematical formulation of the normal-
ization procedure are reported in the Supplementary Materials.
Therefore, the first acquisition of each subject provided HRV-fr sets
for procedures 1) and 4); the last acquisition for each subject provided
HRV-fr sets for the procedures 1), 2) and 4) and all the other
acquisitions provided HRV-fr sets for all the described procedures.
Since the subject Pisa1 had only three acquisitions, we could not
compute the HRV-fr set with procedure 4).

The SVM classification algorithms were run for each patient
individually, thus implementing a personalized intra-subject analysis.

Differences in classification accuracy (i.e., the average of sensibility
and specificity) among all the patients, achieved from the four kinds of
HRV-fr set, were tested through the non-parametric Friedman test for
paired data.

3. Results

No physiological artifacts comprising ectopic beats and arrhythmic
events were found in any of the analyzed HRV series. Comparing the
four HRV-fr sets, we found that the normalization using information
from previous and subsequent mood states produced a significantly
higher average classification accuracy as compared to the other

Fig. 1. Schematic time-line of the study. Patients suffering by an active mood episode
were recruited for the study. Patients were studied a minimum of three times and a
maximum of six times. The mean (standard deviation) interval between two contiguous
registrations was 6 ( ± 2) days.

Table 2
Scores for the Young Mania Rating Scale (YMRS) and the Quick Inventory of Depressive
Symptomatology (QIDS-C) for each type of mood state (mean ± st.dev).

QIDS YMRS

Mean St.dev Mean St.dev

mixed state 12.00 3.00 10.50 1.4
hipomaniac state 4.56 2.36 9.18 2.13
depressive state 12.05 3.39 1,00 2.33
euthimic state 2.26 2.08 2,00 2.29
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normalization procedures and to the independent characterization.
Accuracy was (mean ± s.d.) 68.57 ± 8.01 for independent classifica-

tion, 85.26 ± 13.55 for the normalization with the previous mood state,
79.30 ± 7.10 for the normalization with random mood states (not
preceding nor following) and 99.25 ± 1.00 for the normalization with
both previous and subsequent mood states. Friedman test showed a
significant difference for the normalization with previous and subse-
quent mood states as compared to the others (p < 0.001) (Table 3).

Box-plot statistics of all SVM-derived classification accuracies are
shown in Fig. 2.

4. Discussion

We employed a novel integrated system - the PSYCHE platform –

that allows for a longitudinal, non-invasive recording of multiple
physiological parameters to study heartbeat dynamics in BD patients
over time. Our results indicate that the measure of HRV features
accurately reflects the clinical labeling of mood states. Specifically, our
findings show that labeling accuracy increases significantly when
information from previous and subsequent mood states is included
into the analysis. Altogether, our data provides the first experimental
evidence that psychophysiological states in Bipolar Disorder patients
influence each other: the preceding mood state has an influence on the
current one, which, in turn, will influence and contains psychophysio-

logical features of the following one.
Importantly, since data were analyzed at a single subject level, our

results have two main clinical implications. First, the analysis of
longitudinal HRV dynamics is an effective tool to monitor the clinical
state of individual bipolar patients. Thus, the remote monitoring may
provide clinicians with a valuable and reliable measure in the manage-
ment of Bipolar Disorder. This is in line with previous results obtained
by using the PSYCHE platform (Valenza et al., 2015a, 2013).

The second major implication of our results is related to the fact
that the classification of mood states is significantly improved when
considering measures from both the preceding and the subsequent
psychophysiological states. Such an effect indicates that some aspects
of the HRV-fr of the future state (T+1) may be already present in the
target state (T0). If confirmed in larger samples of patients, this finding
may be used to forecast the clinical course of the disorder in individual
patients.

As compared to the previously published studies on HRV and mood
disorders, our approach was multi-parametric, meaning it included
several HRV features at the same time – to train an SVM classification
algorithm – rather than considering only one (or a few). In contrast,
the overwhelming majority of previous studies of this kind focused on
specific alterations of only one, or at most a few, HRV parameters in
patients as a group. Therefore, our results could also to be read within a
wider framework. More specifically, psychiatry and clinical psychology

Table 3
Classification accuracy, expressed in percentage, in the automatical labeling of the patient mood states across the four normalization procedures, using Supported Vector Machine
algorithms. Values are reported as median ± inter-quartile range.

ID Independent characterization Mood depends on the previous
state

Mood depends on a random
state

Mood depends on the previous and
future states

Sens. Spec. Accuracy Sens. Spec. Accuracy Sens. Spec. Accuracy Sens. Spec. Accuracy

Stras1 91.99 19.6 55.79 88,64 70,8 79.72 96,11 51,68 73.89 99,99 98,47 99.23
Stras2 97.03 37.5 67.26 86,46 96,25 91.35 97,84 38,54 68.19 98,96 99,99 99.47
Stras3 88.33 56.02 72.18 88,59 95,18 91.89 87,11 76,77 81.94 100 100 100
Stras4 98.53 16.09 57.31 99,68 91,95 95.81 99,13 65,51 82.32
Stras5 93.04 51.08 70.98 90,58 92,09 91.33 97,15 81,3 89.22 100 100 100
Stras6 68.92 86.02 77.47 10,81 97,13 53.97 73,65 94,62 84.14 94,59 100 97.30
Pisa1 96.34 54.44 75.39 97,47 86,67 92.07
Pisa2 65.86 78.52 72.19 78,08 93,9 85.99 87,26 64,38 75.82 99,32 99,73 99.52
mean 87.51 49.91 68.57 80.04 90.5 85.26 91.83 68.07 79.36 98.81 99.7 99.25
st.dev 12.85 25.07 8.01 28.75 8.6 13.55 9.19 18.77 7.1 2.11 0.61 1,00

Sens.: sensibility; Spec.: specificity.

Fig. 2. Box-plots of inter-patients SVM-derived classification accuracies among different HRV-fr sets. The horizontal (x) axis groups the four HRV-fr sets, whereas the vertical (y) axis
expresses the classification accuracy in percentage. Classification accuracy is defined as the average value between the specificity and sensitivity of the algorithm. Red horizontal lines
indicate the median classification accuracy among all patients. Rectangular plots indicate the variability of the classification accuracy as quantified as inter-quartile range. Post-hoc
analysis performed after a Friedman test showed a significant difference for the latter normalization as compared to the others (p < 0.001).
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have suffered since their dawn from the lack of objective external
indicators to confirm a diagnostic hypothesis or to monitor the clinical
course of mental disorders. For years, an equivalent of what the
glycemic index is for diabetes or what hemoglobin concentration
measure is for anemias, has been searched without success. The
possibility to use a multi-parametric analysis including several features
that provide different information may be a new promising area in the
study of specific markers for mood disorders. In this sense, it is
relevant to underline that we used a multi-feature analysis for our
classification, thus we did not rely on differences in just a single feature.
Single feature analysis has both sensitivity and specificity problems
(Valenza et al., 2013). Similar alterations in single HRV features are
commonly found across several somatic and psychiatric conditions. A
recent meta-analysis has considered different HRV features measured
in psychiatric patients. The meta-analysis showed a consistent reduc-
tion of HRV features in patients as compared to controls (Alvares et al.,
2016). However, the meta-analytic approach pooling the effect size of
each study cannot highlight changes in individual features that may be
specific for a given mental disorder. In turn, multi-feature analysis not
only increases sensitivity but also specificity, as indicated also by the
fact that we were able to classify different mood states with a higher
accuracy.

Moreover, as mental disorders are not homogenous entities, one
index (or the linear combination of a few indices) may not be sufficient
to catch their intrinsic heterogeneity. Our work shows how a machine
learning algorithm (i.e., the SVM algorithm) trained on several features
can be a reliable tool for mood state labeling at a single subject level.
Also, this tool reflects some neurobiological features of Bipolar
Disorders, suggesting the necessity to consider bipolar cycles in their
longitudinal course and not just as a series of distinct episodes of mood
symptoms and states.

In the present study, we focused on the HRV dynamics, which
several studies found altered in mood disorders patients at a group
level. Patients suffering from Major Depression showed a reduction in
HRV parameters, including HF power, when compared to both
euthymic patients and healthy volunteers (Kemp et al., 2010; Liang
et al., 2015; Wang et al., 2013). However, results were not completely
consistent among studies. Kemp and colleagues (Kemp et al., 2014)
found differences in depressed patients with melancholia as compared
to healthy controls in resting-state HRV (including RMSSD, HF), but
these differences were not significant when non-melancholic depressed
patients were considered (Kemp et al., 2014).

Results comparing patients during a depressive episode to remitted
ones are even more controversial. A recent work suggested that HRV
alterations should be considered a trait marker of depression, since
RMSSD and HF were found significantly lower not only in patients
during a depressive episode, but also during remission (Brunoni et al.,
2013). However, some authors claimed that an increase toward HRV
normalization was linked to remission. For instance, successful anti-
depressant treatment with either fluoxetine or doxepine was found to
be associated with HRV increases (Khaykin et al., 1998). Finally, the
cardiac biofeedback seemed both to increase HRV and to reduce
symptoms in patients with primary Major Depression (Karavidas
et al., 2007) and in patients with coronary heart disease experiencing
depressive symptoms (Patron et al., 2012). It is also relevant to
underline that the different studies often examined different HRV
measures. Consequently, a closer look at the results of the individual
studies highlighted some inconsistencies. For instance, Moon and
colleagues (Moon et al., 2013) found differences in HF in depressed
patients as compared to healthy controls, but failed to find differences
in total power and in HF/LF as revealed instead by other studies
(Brunoni et al., 2013; Liang et al., 2015; Wang et al., 2013).

The literature on Bipolar Disorders is even less consistent, while
conversely more limited. Again, typically reduced HRV has been linked
to a manic clinical state (Chang et al., 2014; Cohen et al., 2003; Henry
et al., 2010; Latalova et al., 2010; Moon et al., 2013). Moreover, a

decreased HRV was associated with increased severity in both mood
disorders and in schizophrenia (Chang et al., 2014; Quintana et al.,
2015). As for Major Depression, HRV alterations seem to be a trait
marker for Bipolar Disorder since they were present also during the
euthymic state (Cohen et al., 2003; Latalova et al., 2010), though other
studies failed to identify HRV alterations in euthymic bipolar subjects
as compared to control healthy individuals (Henry et al., 2010; Todder
et al., 2005). Finally, we recently showed that complexity measures of
the HRV may correlate with the clinical status of the patient and can be
used as an objective measure of the course of the disease (Lanata et al.,
2015). However, as in Major Depression, individual studies of Bipolar
Disorders highlighted a reduction of some HRV metrics that differed
from study to study (Chang et al., 2014; Cohen et al., 2003; Henry
et al., 2010; Latalova et al., 2010; Moon et al., 2013). For instance,
recent work showed that un-medicated bipolar patients in maniac
phase exhibited significantly lower HRV mean, HRV variance, LF, and
HF and higher LF/HF compared to controls (Chang et al., 2014). Other
studies partially failed to replicate these differences and found, in
contrast, other significant alterations (Henry et al., 2010; Moon et al.,
2013).

We claim that a part of this inconsistency may be related to the
approach used for data analysis. While most of the studies used one or
a few HRV metrics to characterize their sample and to make compar-
isons at a group level, a single-variable approach is not robust enough
to characterize mood swings and states in Bipolar Disorders when
looking at the individual patient (Valenza et al., 2013). This may also be
related to the neurobiological and psychophysiological heterogeneity of
Mood Disorders. Although a dysfunction of the autonomic central
network has been suggested as a potential correlate of mood disorders
(Kemp and Quintana, 2013), the entity of such an alteration likely may
vary among patients. In a previous pilot work, we defined an effective
pattern of HRV-fr able to discern different pathological mental states in
Bipolar Disorder patients at a single level (Valenza et al., 2013, 2014b).
More recently, we observed that the onset of a new mood state brings
the past clinical history along, and the identification of the next state is
more accurate if the previous one is considered (Valenza et al., 2014b).
Therefore, a better understanding of the patient's mood status can be
achieved considering the dynamics of the disorder rather than the
single observation treated as completely independent.

In the present study, we extended these results by demonstrating
that the classification accuracy significantly increases when HRV-fr
classification takes into account information from previous and sub-
sequent mood states. Thus, while the clinical state may change
completely from a state to the next one, some psychophysiological
fingerprints remain from the previous state. In the same way, some
features may already be changed and be already related to the
subsequent mood state while, at a clinical level, such change is not
yet detectable.

4.1. Study limitations and their relationship with the significance of
the study

The present study highlights several previously unknown charac-
teristics of the cardiovascular dynamics in Bipolar Disorder patients.
Importantly, our results are significant at a single subject level and are
highly consistent across patients, despite individual differences in
clinical features and treatment. However, there are a few limitations
that warrant to consider these findings as preliminary.

The first, and probably the most important one, is the sample size.
Given the high heterogeneity of Bipolar Disorder patients, to sustain a
generalization of our results that fits all the different clinical and
psychophysiological presentations of this disorder could turn out to be
rather speculative. Even if having more patients may be irrelevant in
terms of statistical significance, since we performed a single subject
analysis, it would strengthen our approach by replicating its feasibility
across a wide spectrum of Bipolar Patients.
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Similar considerations can be drawn for treatment. Although the
literature is not completely consistent, several pieces of evidence
indicate that HRV may be affected by medications, specifically, by
antipsychotic and tricyclic drugs (Alvares et al., 2016; Kemp et al.,
2010, 2014; Udupa et al., 2007). The Psyche project was born as an
observational study to evaluate the psychophysiological correlates of
the clinical course of Bipolar Disorder and, therefore, no manipulation
of the treatment prescribed by the patient psychiatrists was allowed.
The validation of the Psyche wearable system for studying longitudinal
dynamics in Bipolar Disorder patients may encourage additional
studies in larger patient samples, including never medicated, first
episode patients who may be assigned to a specific treatment with a
given drug (or class of drugs). This strategy would contribute to
generalize our results and to disentangle the potential effects of
different medications on HRV classification.

Another potential limitation that requires future assessments in
larger samples, is the fact that we cannot completely rule out that
heartbeat dynamics may have been affected also by lifestyles, circadian
rhythms or by the presence of other pathological conditions a part form
those considered as exclusion criteria. The experimental design of our
study, however, was such to minimize any of the above potential
confounds. Specifically, we did not include patients with any somatic
disease, and in particular cardiovascular or neural disorders, which
may affect heartbeat dynamics, as well as HRV features. Moreover, our
experimental setup foresaw long-term (up to 16 h) recordings, from
late afternoon to the next morning. Therefore, most of the recording
sessions covered a period in which the patients slept or were in bed.
This should minimize the effects of different lifestyles and times of the
day on HRV. In addition and more importantly, the analysis was
performed at a single subject level, so that data cannot be affected by
differences in habits and lifestyles, as they presumably remained
constant in each individual subject.

Finally, the use of a multi-parametric approach has a potential
drawback: our analysis did not allow us to identify the contribution of
individual features. Therefore, in the present study, the physiological
meaning remains partially undefined. A deeper understanding of the
HRV alterations that are related to clinical changes in bipolar disorder
would greatly contribute to clarify the pathophysiology of autonomic
nervous system activity in Mood Disorders. For instance, it would be
helpful to evaluate whether HRV alterations in mood disorders are
related to alterations of the emotional modulation process (related to
abnormal activity in the middle prefrontal cortex) or to the cholinergic
mediated alterations of the inflammatory mechanisms (Kemp and
Quintana, 2013). Futhermore, understanding which are the most
relevant features and how they change along with the changing in
mood state would foster the development of algorithms to forecast
clinical course in Bipolar Disorders. As a matter of fact, in another
paper based on data gathered from the PSYCHE project, we began to
explore this issue (Valenza et al., 2016). Briefly, we were able to predict
whether each patient would be in an active state of illness or in
remission at the subsequent observation. We were also able to conclude
that the most informative features for mood state prediction in bipolar
disorder were: the standard deviation of the RR intervals (StdRR);
Square root of the mean squared difference between adjacent R-R
(RMSSD); Poincare SD1 and SD2 and HF power, which are all related
to parasympathetic activity. Therefore, even if the analyses reported in
this study are different than the ones in the Valenza et al. (2016) paper,
our findings suggest that HRV features related to vagal activity are
those that are mainly related to mood changes and mood changes
prediction. However, further studies involving a larger number of
patients are needed to address this issue, by studying the role and
weight of each single HRV metrics. Also, we acknowledge the fact that
during the routine clinical visits, specialists do not have information on
future clinical states and therefore the present results cannot have a
direct impact on clinical practice as it is. Indeed, the presence of future
mood state characteristics in the actual mood state allows us to

speculate that this information may be used to predict the clinical
outcome on the basis of the HRV characteristics. Furthermore, follow-
ing the outcomes of the present study, we developed a decision support
system, which uses information contained in the current mood state to
predict future outcome (preliminary results were described in (Valenza
et al., 2015b)).

4.2. Conclusions

The results of the present study provide for the first time a
psychophysiological evidence, though preliminary and in need of
replication, that mood states should be considered as a longitudinal
sequence, since each HRV-fr in a given state is related to those from the
preceding and subsequent mood states. Importantly, such character-
istics were identified at a single subject level and therefore may be
implemented to monitor the course of mood episodes in Bipolar
Disorder and to develop algorithm that may contribute to predict
clinical course. Our findings provide additional support to the role of
central autonomic network alterations in the pathophysiology of mood
disorders. We believe that a constant monitoring and feedback to both
patients and physicians are not only new keys to managing mental
illness and, ultimately, to identify and forecast critical clinical events,
but also an innovative approach to examine the dysfunction within the
central autonomic network.

Finally, we consider the multi-parametric approach to HRV and,
more in general, to biological signals in course of psychiatric disorders,
a promising approach toward the definition of much-needed objective
parameters in psychopathology.
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