:' frontiers
in Physiology

ORIGINAL RESEARCH
published: 13 March 2015
doi: 10.3389/fphys.2015.00074

OPEN ACCESS

Edited by:
Zbigniew R. Struzik,
The University of Tokyo, Japan

Reviewed by:

Paul F. M. J. Verschure,
Center for Neuro-Robotics and
Autonomous Systems, Spain
Tomislav Stankovski,
Lancaster University, UK

Maria G. Signorini,

Politecnico di Milano, Italy

*Correspondence:

Riccardo Barbieri,

Department of Anesthesia, Critical
Care Massachusetts General Hospital,
55 Fruit Street, Jackson 4, Boston,
MA 02114, USA
barbieri@neurostat.mit.edu

Specialty section:

This article was submitted to
Computational Physiology and
Medicine, a section of the journal
Frontiers in Physiology

Received: 11 November 2014
Accepted: 23 February 2015
Published: 13 March 2015

Citation:

Valenza G, Garcia RG, Citi L, Scilingo
ER, Tomaz CA and Barbieri R (2015)
Nonlinear digital signal processing in
mental health: characterization of
major depression using instantaneous
entropy measures of heartbeat
dynamics. Front. Physiol. 6:74.

doi: 10.3389/fphys.2015.00074

Nonlinear digital signal processing in
mental health: characterization of
major depression using
instantaneous entropy measures of
heartbeat dynamics

Gaetano Valenza' %2, Ronald G. Garcia*®, Luca Citi®, Enzo P. Scilingo?, Carlos A Tomaz’
and Riccardo Barbieri™*

" Department of Anesthesia, Critical Care & Pain Medicine, Massachusetts General Hospital, Harvard Medical School,
Boston, MA, USA, 2 Massachusetts Institute of Technology, Cambridge, MA, USA, ° Department of Information Engineering,
Research Center E. Piaggio, University of Pisa, Pisa, ltaly, * Martinos Center for Biomedical Imaging, Department of Radliology,
Massachusetts General Hospital, Charlestown, MA, USA, ° Department of Psychiatry, Masira Research Institute, Medical
School, Universidad de Santander, Bucaramanga, Colombia, ® School of Computer Science and Electronic Engineering,
University of Essex, Colchester, UK, 7 Laboratory of Neuroscience and Behavior, Universidade de Brasilia, Brasilia, Brazil

Nonlinear digital signal processing methods that address system complexity have
provided useful computational tools for helping in the diagnosis and treatment of a
wide range of pathologies. More specifically, nonlinear measures have been successful
in characterizing patients with mental disorders such as Major Depression (MD). In
this study, we propose the use of instantaneous measures of entropy, namely the
inhomogeneous point-process approximate entropy (ipApEN) and the inhomogeneous
point-process sample entropy (ipSampEn), to describe a novel characterization of
MD patients undergoing affective elicitation. Because these measures are built within
a nonlinear point-process model, they allow for the assessment of complexity
in cardiovascular dynamics at each moment in time. Heartbeat dynamics were
characterized from 48 healthy controls and 48 patients with MD while emotionally
elicited through either neutral or arousing audiovisual stimuli. Experimental results coming
from the arousing tasks show that ipApEn measures are able to instantaneously track
heartbeat complexity as well as discern between healthy subjects and MD patients.
Conversely, standard heart rate variability (HRV) analysis performed in both time and
frequency domains did not show any statistical significance. We conclude that measures
of entropy based on nonlinear point-process models might contribute to devising useful
computational tools for care in mental health.

Keywords: nonlinear, heart rate variability, instantaneous entropy, point process, Wiener-Volterra series, Laguerre
expansion

Introduction

Rapid developments in healthcare technology render digital signal processing crucial in revealing
manifold information regarding human physiological functioning and pathological condition.
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To date, most of the proposed digital processing techniques con-
sider noninvasive biomedical signals such as the electrocardio-
gram (ECQ), respiration activity, and body movement activity, in
order to extract physiological parameters [e.g., mean heart rate
(HR) and respiratory frequency] and demonstrate that they can
provide clinically relevant information (He et al., 2013).

Over the last two decades, ubiquitous and pervasive comput-
ing has permeated healthcare (Korhonen and Bardram, 2004) in
helping to gather health-related information from wearable or
embedded sensors, even in settings outside the hospital. Success-
ful examples have proven to be those systems that monitor the
activity and function of the Autonomic Nervous System (ANS)
in mental healthcare (see e.g., Agelink et al., 2002; Korhonen and
Bardram, 2004; Wittchen and Jacobi, 2005; Lemoult et al., 2012;
Yang and Tsai, 2013).

Mathematical modeling and digital signal processing tech-
niques play an important role in the study of cardiovascular con-
trol physiology and heartbeat dynamics (Acharya et al., 2006).
The cardiovascular system is often investigated through anal-
ysis of event series obtained by computing the time intervals
between two consecutive R-waves as detected from the ECG, i.e.,
the RR intervals. Because the heartbeat is controlled by the ANS,
the RR interval series shows preferred oscillations around the
mean value, defined as Heart Rate Variability (HRV) (Acharya
et al., 2006). A recently proposed exemplary case having at its
core the digital signal processing of heartbeat dynamics is pro-
vided by a multiparametric wearable platform for the physiologi-
cal/behavioral monitoring of mood fluctuation in bipolar patients
(Valenza et al., 2014a,b).

The signal processing methodology behind these ANS/ECG-
based healthcare systems is based on linear analysis (performed
in both time and frequency domains) aimed at identifying a lim-
ited number of oscillatory components to characterize heartbeat
dynamics. Nevertheless, the complexity of the cardiovascular
control system calls for processing tools able to transcend a sim-
plistic identification. Several nonlinear measures of HRYV, in fact,
such as Lyapunov exponents, 1/f slope, approximate entropy, and
detrended fluctuation analysis, have been widely used to uncover
nonlinear fluctuations in HR that are not otherwise apparent
(Sunagawa et al., 1998; Mathews and MacLeod, 2005; Nieren-
berg, 2008; Voss et al., 2009; Leistedt et al., 2011; Soleimani et al.,
2011; Rakofsky et al., 2013; Cornforth et al., 2014). Consequently,
such measures have provided important quantifiers of cardiovas-
cular control dynamics, mediated by the ANS, and have been
found to have prognostic value in aging and disease. Although the
detailed physiology behind cardiovascular complex dynamics has
not been completely clarified, nonlinear HRV dynamics may be
partly explained by the various nonlinear neural interactions and
integrations occurring at the neuron and receptor levels, which
underlie the complex output of the sinoatrial node in response
to changing levels of efferent autonomic inputs (Sunagawa et al.,
1998). It is also commonly thought that the complexity of healthy
dynamics can be interpreted as an essential part of their ability to
adapt to a varying environment.

Depression is a global public health problem of very
high prevalence (Nierenberg, 2008) characterized by persistent
feelings of sadness and loss of interest or pleasure in daily

activities for at least a 2 week period, with other symptoms
including psychomotor retardation, fatigue, feelings of worth-
lessness, and recurrent thoughts of death (Soleimani et al,
2011). Clinical features related to autonomic dysfunction such
as decreased appetite, gastrointestinal parestesias, imsomnia, and
increased sweating are also frequently reported (Rakofsky et al.,
2013). All these alterations seem to be reinforced by a mood-
congruent cognitive bias in which MD patients give preference to
the processing of negative vs. positive emotional content mate-
rial (Leistedt et al., 2011). The exposure to negative emotional
stimuli easily activates other negative thoughts and memories
in MD patients, thus contributing to maintaining and enhanc-
ing depressive symptomatology (Mathews and MacLeod, 2005).
The proposed analysis has been inspired by several works that
relate ANS markers to depression (Mathews and MacLeod, 2005;
Nierenberg, 2008; Leistedt et al., 2011; Soleimani et al., 2011;
Rakofsky et al., 2013). In particular, it has been shown that linear-
derived parameters are quite unreliable in effectively discerning
healthy subjects and patients with major depressive disorder, as
they have a high inter-subject variability. On the contrary, non-
linear measures such as MultiScale Entropy (MSE) allowed for
the discrimination of depressive patients and healthy subjects in
always showing a significant decrease of the complexity in the
pathological group (Leistedt et al.,, 2011; Yang and Tsai, 2013;
Valenza et al., 2014c).

Nonlinear analysis of HRV data might also be successful
in the individual assessment of psychiatric disorders. Most of
the known mental disorders, in fact, are currently diagnosed
by simply relying on the clinician’s experience, possibly sup-
ported by verbal interviews and scores from specific question-
naires (Wittchen and Jacobi, 2005). Therefore, a more auto-
mated mental assessment through non-invasive, easy-to-record,
and robust physiological time series such as HRV could open
dramatic clinical perspectives in objectively managing the ill-
ness, thereby helping patients, facilitating the interaction between
patient and physician, as well as alerting professionals in case of
critical pathological episodes.

In this study, we attempt to characterize major depression
(MD) by using a recently introduced computational method of
nonlinear digital signal processing. Accordingly, we hypothesize
that instantaneous nonlinear analysis based on entropy measures
can provide useful information about the clinical state of patients
with MD while tracking the related complex cardiovascular
dynamics. To this extent, we propose the application of point-
process nonlinear models of heartbeat dynamics to derive instan-
taneous indices of complexity. In fact, we recently improved the
point-process framework, where the RR interval series is seen as
a binary stochastic series characterized by inter-event probability
functions (Leistedt et al., 2011), by embedding nonlinear autore-
gressive models with the Laguerre expansion of the Wiener-
Volterra autoregressive terms. In doing so, we both achieved a
more effective system identification (Valenza et al., 2014d), and
derived novel instantaneous indices of complexity, i.e., the inho-
mogeneous point-process approximate entropy (ipApEn) and
the inhomogeneous point-process sample entropy (ipSampEn)
indices (Valenza et al., 2014d). In this work, after describing the
experimental procedures and the basic mathematical formulation
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related to the point-process nonlinear modeling, we test the effec-
tiveness of the instantaneous entropy measures in distinguishing
patients with MD from healthy subjects.

Materials and Methods

Recruitment of Eligible Subjects

A number of 48 Hispanic outpatients with MD were included
in the study. All subjects were screened in local universities
by applying the Zung-self-rating depression scale (Zung, 1965).
This scale is a 20-item questionnaire that measures the pres-
ence and severity of depressive symptomatology in the preceding
2 weeks. A score of 50/100 was considered compatible with a
diagnosis of depression according to previous data in our pop-
ulation (Campo-Arias et al., 2006). A Spanish Structured Clini-
cal Interview for DSM-IV Axis 1 disorders, Clinical version, was
applied by qualified psychiatrists to confirm the diagnosis of MD.
All patients were experiencing their first MD episode and had
not received psychotherapeutic or pharmacological treatment. A
control group consisting of 48 age- and gender-matched healthy
subjects was also included. Exclusion criteria for both MD and
healthy subjects were: cardio-, cerebro-, or peripheral vascular
diseases, the presence of neoplasm, diabetes mellitus, kidney or
liver failure, infectious or systemic inflammatory disease, and
current neurological illnesses. All subjects received information
about the study procedures and gave written informed consent
approved by the local Institutional Review Board. Data coming
from this study was recently published to investigate sex differ-
ences in cardiac autonomic function and plasma nitrate levels
and endothelial function in MD (Garcia et al., 2011, 2012).

Experimental Protocol and Data Acquisition

The stimulus used in the study consisted of a set of 11 slides
accompanied by an audio recording with two different narrative
versions: an emotionally neutral recording (N) and an emotion-
ally arousing one (E). These stories had been previously adapted
and validated in a sample from the same Hispanic background
(Botelho de Oliveira et al., 2012) and were kept as close as pos-
sible to the originals (Cahill and McGaugh, 1995). Both sets of
slides showed a mother taking her young son to see his father at
a nearby hospital where he works. The slides were identical, but
the narrative differed in the N and E versions. In the N version
of the story, the mother and son witness a minor car accident,
which attracts the attention of the child, whereas in the E ver-
sion, the child himself is critically injured and requires a surgical
intervention at the hospital. The story content can be divided into
three phases, with the second phase (slides 5-8) containing the
emotionally arousing elements.

All recording sessions took place between 8 a.m. and 10 a.m.
All tests were performed in a quiet, dimly lit room at a comfort-
able temperature (20-22°C). Participants abstained from smok-
ing or consuming beverages containing caffeine, xanthines, or
alcohol the day before evaluation. Subjects from each group (MD,
HC) were randomly assigned to either undergo the N or E stimu-
lus version, resulting in four different experimental groups (MD-
N, MD-E, HC-N, HC-E). All subjects were told that the aim of
the study was to evaluate how people pay attention to stories. It

was explained that the slide presentation would be shown accom-
panied by a short narration. They were instructed to concentrate
on each slide for the duration of its presentation and to watch
the slide show as they would watch a movie. Continuous ECG
monitoring (lead II) was performed with a Finometer device
(Finapress Medical System, The Netherlands). Data was digitized
and stored in a PC computer using a signal acquisition system
DATAQ 720-WINDAQ PRO (DataQ Instruments, Akron, OH,
USA). Subjects were initially asked to rest for 10 min in a reclin-
ing position. Then, each subject underwent the stimulus elicita-
tion previously described, followed by a 3-min recovery period,
during which participants quietly rested.

Point-Process Modeling of Cardiovascular
Dynamics
Given a single heartbeat event R and the events set {uj}; =1
detected from the ECG, RR; = uj — uj_1> 0 denotes the jth R-R
interval within the observation interval ¢ € (0, T1].

Assuming history dependence and an inverse Gaussian prob-
ability distribution function (IG-pdf) of the waiting time ¢ — u;
until the next R, it is possible to write (Valenza et al., 2014d,e):

1

o (1) :
tHy, ¢ () = | —————
f(tIH, ¢ (1) Ln(t—uj)3:|

{ 180 (1) [t — 1 — s (8 He, ¢ (1)) }
exp =~

1
2 prr(tHe ¢ )% (t— 1) v

With j = N (t) the index of the previous event before time ¢
and N(t) the left continuous sample path of the associated count-
ing process, H; = (lj, RRj, RR;_1, ..., RRj_p+1) the history of
the past heartbeat events, ¢ (f) the vector of the time-varying
parameters, urr(t, Hy, ¢ (t)) the first-moment statistic (mean) of
the distribution, and ¢p (¢) >0 the shape parameter of the inverse
Gaussian distribution.

As f(t|Hy, ¢(¢)) indicates the probability of having an event
at time t given that a previous event has occurred at u; and
urr(t, Hy, ¢ (t)) can be interpreted as signifying the most prob-
able moment when the next event could occur. In order to com-
pute the ipApEn and ipSampEn indices, which are described in
the next paragraph, we apply a formulation of ugr(t, Hy, ¢ (1))
based on a Nonlinear Autoregressive Model with Laguerre
expansions (NARL) of the following terms:

WRR (t, Ht, £ (1)) = RR§ ) +8o () +

igl G005 () + Xq: igz (.. )L () (¢) &)

i=0j=0

where [; (17) = S, ®i(n) (RRRj(ty—n — RR§(s)—n—1) is the
output of the ith Laguerre filters ®; just before time ¢. Of note,
we process the derivative R-R series to improve on the achieve-
ment of stationarity within the sliding time window W (in this
study W = 90s).

As a major advantage, the Laguerre filtering allows for a parsi-
monious number of unknown parameters that need be estimated
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in Equation (2), and the implementation of a nonlinear autore-
gressive Volterra-Wiener model with second order nonlinear
terms and long-term memory.

Since Wrr (t, Hy, ¢ (t)) is defined in continuous time, it is pos-
sible to obtain an instantaneous R-R mean estimated at an arbi-
trarily fine timescale, which requires no interpolation between
the arrival times of two beats.

Given a time-varying local observation interval of dura-
tion W, we find the unknown time-varying parameter vector
that maximizes the local log-likelihood through the well-known
Newton-Raphson procedure (Valenza et al., 2014d).

The recursive, causal nature of the estimation allows for pre-
dicting each new observation given the previous history inde-
pendently at each iteration. The model and its parameters are
therefore also updated at each iteration without priors. We deter-
mine the optimal model order {p, q} based on the Akaike Infor-
mation Criterion and the model goodness-of-fit (obtained by
prefitting the model to a subset of the data), which is based on
the Kolmogorov-Smirnov (KS) test and associated KS statistic
(Valenza et al., 2014e). Autocorrelation plots are also consid-
ered to test the independence of the model-transformed intervals
(Valenza et al., 2014e). Once the order {p, q} is determined, the
initial NARL coefficients are estimated by the method of least
squares (Valenza et al., 2014e).

Instantaneous Entropy Estimation: the
Inhomogeneous Point-Process Entropy

Measures of entropy are primarily defined to address the ran-
domness and regularity of a dynamical system given the analy-
sis of time series originated by the observed system. Traditional
algorithms provide a single value (or a set of values) within a
predetermined time window. Therefore, given the experimen-
tal time series, these values represent averaged measures of the
entire dynamics observed in that specific time window. How-
ever, a single estimation could not be sufficient to completely
characterize system complexity in the face of non-stationary
behavior. It is well-known that dynamical systems (particu-
larly those associated with physiological processes) evolve and
change at each moment in time. To overcome the limitations
of the currently used entropy measures, within this study we
use a recently introduced definition of approximate and sam-
ple entropy as instantaneous entropy measures of discrete system
complexity.

The originality of the new definitions lies in the fact that
they are fully embedded in the probabilistic framework of the
inhomogeneous point-process theory, and introduce important
differences to the mathematical formulation of the phase-space
vectors and the definition of the distance between phase-space
vectors.

Given the embedding dimension m, and time delay of the
phase space r(t), here we engage a novel tool for nonlinear
dynamical systems by defining the distance d[x(k),x(j)] as the
KS distance (Valenza et al., 2014d) (i.e., the maximum value
of the absolute difference between two cumulative distribution
functions) between the IGy and IG; probability distributions of
MRR(thrk,,) and U“RR(thrkn) fork,=0,1,...,m—1.

Then, it is possible to define (Valenza et al., 2014d):

N-m+1
C"(r,)=N-m+1D"" Y InCl(r D

i=1
and obtain
ipApEn (m, r, N, t) = C™ (r, t) — C" 1 (r, 1).

Note that the time-varying quantity r(#) is instantaneously
expressed as r (t) 0.20gr(t) as previously suggested (Leistedt et al.,
2011; Valenza et al., 2014d).

As the definition of the proposed entropy measure is fully
embedded into the inhomogeneous point-process nonlinear
framework, it is possible to obtain instantaneous tracking of
the system complexity as ipApEn (m, 1, N, t). Of note, the
definition of the ipSampEn (m, r, N, t) is slightly different
(Valenza et al., 2014d). This second index does not take into
account self-matches, and quantifies the time series regularity
by slightly modifying the two equations above (Valenza et al.,
2014d).

Both instantaneous assessments open the possibility of ana-
lyzing the proposed measures also in terms of variability of their
evolution in time, which we refer to as complexity variability
framework (Valenza et al., 2014d.,f).

Computation of Other Instantaneous
Linearly-Derived Parameters in the Time and
Frequency Domain

Aside from the calculation of the ipApEn and ipSampEn mea-
sures, the model described in the previous two paragraphs is also
able to provide standard measures defined in the time and fre-
quency domains gathered from the linear terms of Equation (2),
as described in detail in Valenza et al. (2014e). In this way, it is
possible to evaluate the effect of the sympathetic and parasympa-
thetic nervous system activity interaction as a result of two main
oscillatory components that are usually differentiated in the spec-
tral profile (Acharya et al., 2006): (a) the high frequency (HF)
band (0.15-0.40 Hz), which reflects the effects of respiration on
HR, also referred to as respiratory sinus arrhythmia; (b) the low
frequency (LF) band (0.04-0.15Hz), which represents oscilla-
tions related to regulation of blood pressure and vasomotor tone
including the 0.1 Hz fluctuation. In the time domain, the first and
second order moments (urg and U}%R) of the IG distribution are
calculated (Valenza et al., 2014d).

Experimental Results

The primary goal of this study was to test the ability of
instantaneous linear and complex nonlinear estimates of heart-
beat dynamics in discriminating healthy subjects from the MD
patients. We separated each task (neutral elicitation task or emo-
tional elicitation task), and considered the median value over
the whole acquisition for each subject (see Figure 1). The aver-
aged instantaneous tracking of the complex heartbeat dynam-
ics, expressed as ipApEn and ipSampEn, during the emotional
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elicitation task are shown in Figure 2. Values are averaged among
healthy subjects and patients with MD.

The majority of the group samples resulted non-normally
distributed (p-values gathered from Kolmogorov-Smirnov tests

Hea‘lthy Point-Process
Subjects C tati
Sub-group 1 omputation
Neutral Task
Depressed @
Patients E
Sub-group 1 x x x5
£ |\Gpdf
F ¥
o
Healthy f'._. Parameter vector
Subjects . E
Subgroup2 Emotional Task Instantaneous
Depressed 3 Entropy Computation
Patients
Sub-group 2

FIGURE 1 | Block scheme of the experimental protocol considered in
this study. Healthy subjects and depressed patients are split into two
sub-groups, respectively. The first sub-group of healthy subjects and the first
of depressed patients were randomly selected to undergo a neutral elicitation
task, whereas the second respective sub-groups underwent an emotional
elicitation task. Meanwhile, continuous ECG recording was performed in order
to monitor the heartbeat dynamics of each subject/patient. Then, each RR
interval series was modeled and processed through a point-process nonlinear
model. Finally, starting from the time-varying parameter vector, the
instantaneous entropy measures, ipApEn and ipSampEn, computation was
performed.

0.25

0.35¢ ‘ i i ]

0.3 ,

0.25+ ]

ipSampEn

2 r r
0 0 50 100

Time [s]

150 200

FIGURE 2 | Instantaneous complex heartbeat dynamics expressed as
ipApEn (top panel) and ipSampEn (bottom panel) during the emotional
elicitation task. Values are averaged among healthy subjects (continuous
black line) and patients with MD (continuous red line). The green dotter vertical
line indicates the end of the audio-visual stimulus.

with null hypothesis of normality resulted <0.05, i.e., data are
not normally distributed). Therefore, in order to average among
the groups, each feature is expressed as its median value and
its respective absolute deviation (i.e., for a feature X, X =
median(X) &+ MAD(X) where MAD(X) = |X — median(X)|). For
each feature and for each experimental task, we tested the null
hypothesis of having an equal median between the healthy and
MD groups through the Mann-Whitney non-parametric test.

Our working hypothesis was that the degree of complexity of
cardiovascular dynamics differs between normal and MD sub-
jects. Since we used two measures to verify our hypothesis, we
appropriately adjusted the statistical significance level to account
for multiple comparisons in testing each individual measure. In
the case of emotional elicitation, we observed that the difference
is statistically significant for ipApEn while not for ipSampEn.

To confirm that this difference was due to nonlinear mech-
anisms rather than simply a reflection of linear changes on our
nonlinear measures, we also applied the Mann-Whitney test on
a batch of conventional HRV measures, such as [gg, UI%R, LE
HEF, and LF/HF. None was statistically significant, even without
accounting for multiple comparisons.

The statistics of each group and each instantaneous feature
related to the neutral elicitation task are reported in Table 1,
whereas those related to the emotional elicitation task are
reported in Table 2.

Box-plot statistics of the ipApEn and ipSampEn indices are
shown in Figure 3.

Finally, we report thata p = 0.15 given by the Mann-Whitney
non-parametric test was associated to the null hypothesis of hav-
ing equal median age between the healthy and MD groups (age of
healthy subjects: 21 & 2; age of MD: 23 =+ 2). This outcome con-
firms that our results are not affected by age differences between
the groups.

Discussions and Conclusions

In this study, we aimed at proving the potential of computational
methods based on nonlinear digital signal processing to provide
critical information that could be used for devising automated
diagnostic tools that can serve mental healthcare. In particular,

TABLE 1 | Descriptive statistics of instantaneous heartbeat dynamics
features during the neutral elicitation task.

Feature Statistics
Healthy Depressed p-value

ipSampEn 0.286 4 0.067 0.269+0.023 0.970
IPAPEN 0.345+0.058 0.3524+0.046 0.447
RR 761.62+83.42 798.214+61.57 0.447
aF%R 319.11+191.27 521.90+187.03 0.442
LF 485.53 +253.45 763.60+408.17 0.056
HF 321.12+225.92 228.04+109.43 0.799
LF/HF 1.818+1.186 1.768+0.862 0.817

p-values from the Mann-Whitney non-parametric test with null hypothesis of equal
medians.
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TABLE 2 | Descriptive statistics of Instantaneous Heartbeat Dynamics
features during the Emotional elicitation task.

Feature Statistics
Healthy Depressed p-value

ipApEn 0.361 + 0.038 0.316 + 0.041 0.016
ipSampEn 0.298 £0.052 0.257 £0.041 0.212
WRR 809.17 £102.25 792.40+84.05 0.328
G%R 596.71 £ 367.11 402.30£209.61 0.093
LF 674.08 +417.99 616.29+391.82 0.777
HF 518.34 +284.61 328.63+214.38 0.054
LF/HF 1.068 4+ 0.591 1.987 £0.751 0.095

Bold indicates statistically significant indices.
p-values from the Mann-Whitney non-parametric test with null hypothesis of equal
medians.

ipApEn

0.4 T ]

0.3+ g

0.2} + i

t ;
ipSampEn

0.4F T i B

0.3 J

0.21 i

0.1} ]

Healthy Depressed

FIGURE 3 | Box-plot statistics of the instantaneous entropy measures
ipApEn and ipSampEn gathered from the whole story with emotional
task and grand-averaged among healthy subjects and depressed
patients. Red plus signs show outliers.

we have presented the application of an advanced digital sig-
nal processing methodology in order to characterize a subject
experiencing a mental disorder such as MD. Importantly, signif-
icant assessments can be performed considering only heartbeat
dynamics elicited by time-varying emotional stimuli while esti-
mating two recently proposed measures of complexity: ipApEn
and ipSampEn (Valenza et al., 2014d).

The mathematical framework of these measures is based on
point-process theory, which provides effective computational
tools able to continuously estimate heartbeat dynamics with-
out using any interpolation methods (Valenza et al., 2014e,f).
This powerful, fully-parametric statistical method accounts for
the probabilistic complex generative mechanism of the heart-
beat by considering a quadratic Wiener-Volterra representa-
tion of the first order moment of a physiological plausible
inverse-Gaussian statistics (Valenza et al., 2014d). Moreover,

goodness-of-fit measures such as KS distance and autocorrelation
plots quantitatively allow to verify the model fit and to choose
the proper model order, thus addressing another open issue of
current parametric approaches (Valenza et al., 2014d,e,f).

Our principal goal was to validate the utility of the presented
computational framework by testing its ability in tracking non-
linear and non-stationary heartbeat dynamics of healthy subjects
and MD patients undergoing affective elicitation. To this extent,
we demonstrated that instantaneous complex heartbeat dynam-
ics is indeed modulated by emotionally-relevant elicitations in
patients with MD. These patients, in fact, exhibited lower ipA-
pEn values than healthy subjects while elicited through arousing
stimuli. These results are in agreement with the current literature
showing that pathological mental states modulate cardiovascu-
lar complexity (Leistedt et al., 2011; Yang and Tsai, 2013; Valenza
et al., 2014c). We further observed that this complexity modu-
lation occurs only in case of emotionally-relevant stimuli. This
is also in agreement with both clinical experience and the same
research studies linking mood states, emotional regulation, and
emotional response to ANS dynamics (Thayer et al., 1996; Car-
ney et al., 2002; Iverson et al., 2005; Lanata et al., 2012). For this
reason, a possible approach to investigate mood recognition is to
explore emotional changes provoked by external stimuli. From
a modeling point of view, such approach interprets the cardio-
vascular system as coupled with the central nervous system and
governed by nonlinear dynamical equations which can be charac-
terized by means of a “perturbation” analysis, i.e., analysis before
and after short-time emotional elicitation.

Our statistical analysis performed on the linear instantaneous
features defined in the time and frequency domains suggests that,
although sympatho-vagal dynamics can be affected by patho-
logical mental states (Agelink et al., 2002; Acharya et al., 2006;
Lemoult et al., 2012), the inter-subject variability is too high to
allow such changes to be revealed through linear analysis. Con-
versely, the analysis on instantaneous complexity allowed to pro-
vide a much higher discriminating power. Our results further
demonstrated that the differences in heartbeat complexity found
among the healthy and MD groups are not biased by the age of
the patients enrolled in the study nor by the r(t)values that are a
function of the HRV standard deviation. Unlike other paradigms
developed in the literature for characterizing human mental
states, our approach is purely parametric, and the analytically-
derived indices can be evaluated in a dynamic and instanta-
neous fashion. The presented point-process nonlinear analysis,
in fact, represents a pioneering study in the field of mood assess-
ment, as just being recently proposed for the characterization
of heartbeat dynamics in bipolar patients (Wittchen and Jacobi,
2005). Future works will exploit further instantaneous nonlin-
ear estimates such as high order statistics, and the instantaneous
Lyapunov exponents (Valenza et al., 2014f).

From a physiological perspective, the inherent complexity of
the cardiovascular system (e.g., the nonlinear neural signaling
on the sinoatrial node) has been confirmed by our experimen-
tal results. Although the detailed physiology behind these com-
plex dynamics has not been completely clarified, previous studies
suggest that B-adrenoceptor system and cholinergic iper-driving
might be involved (as seen in rats) (Beckers et al., 2006).
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A further speculative interpretation of the results of this study
points at the insular cortex and the pregenual anterior cingu-
late cortex (pgACC) as important affective areas of the brain.
Recently presented neuroimaging data, in fact, revealed that these
cortices are involved in various neuropsychiatric diseases such
as mood disorders and, especially, MD, along with panic dis-
orders, PTSD, obsessive-compulsive disorders, eating disorders,
and schizophrenia (Nagai et al., 2007). Moreover, several glu-
tamatergic mechanisms which alter the functional connectivity
between pgACC and insular cortex are related to severe depres-
sion and depression severity (Horn et al., 2010). Since these par-
ticular brain regions are known to be responsible for crucial
homeostatic (interoceptive) functions involving ANS signaling
from the whole body (Craig, 2003), we speculate that such brain-
heart signaling is significantly altered during mood disorders and
can be revealed by time-varying complexity analysis of cardiovas-
cular variability while emotionally eliciting the patients. This kind
of elicitation activates the insular cortex, which has a crucial role
in emotional processing (Nieuwenhuys, 2011), leading to altered
heartbeat complex dynamics.

Because mood disorders produce an altered emotional
response, the achievements reported in this study could have

References

Acharya, U. R, Joseph, K. P., Kannathal, N, Lim, C. M., and Suri, J. S. (2006).
Heart rate variability: a review. Med. Biol. Eng. Comput. 44, 1031-1051. doi:
10.1007/s11517-006-0119-0

Agelink, M. W., Boz, C., Ullrich, H., and Andrich, J. (2002). Relationship
between major depression and heart rate variability: clinical consequences and
implications for antidepressive treatment. Psychiatry Res. 113, 139-149. doi:
10.1016/S0165-1781(02)00225-1

Beckers, F., Verheyden, B., Ramaekers, D., Swynghedauw, B., and Aubert, A. E.
(2006). Effects of autonomic blockade on nonlinear cardiovascular variability
indices in rats. Clin. Exp. Pharmacol. Physiol. 33, 431-439. doi: 10.1111/j.1440-
1681.2006.04384.x

Botelho de Oliveira, S., Suarez Florez, R. N., and Vasquez Caballero, D. A. (2012).
Memoria declarativa congruente con sintomatologia depresiva. Rev. Colomb.
Psiquiatr. 41, 881-899. doi: 10.1016/S0034-7450(14)60053-6

Cahill, L., and McGaugh, J. L. (1995). A novel demonstration of enhanced mem-
ory associated with emotional arousal. Conscious. Cogn. 4, 410-421. doi:
10.1006/ccog.1995.1048

Campo-Arias, A., Diaz-Martinez, L. A., and Rueda-Jaimes, L., del Cadena, P.,
and Hernandez, N. L. (2006). Validation of Zung’s Self-rating Depression Scale
among the Colombian general population. Soc. Behav. Personal. 34, 87-94 doi:
10.2224/sbp.2006.34.1.87

Carney, R. M., Kenneth, E. F,, Miller, G. E,, and Jaffe, A. S. (2002). Depres-
sion as a risk factor for cardiac mortality and morbidity: a review of poten-
tial mechanisms. J. Psychosom. Res. 53, 897-902. doi: 10.1016/50022-3999(02)
00311-2

Cornforth, D. J., Tarvainen, M. P., and Jelinek, H. F. (2014). How to cal-
culate Renyi entropy from heart rate variability, and why it matters for
detecting cardiac autonomic neuropathy. Front. Bioeng. Biotechnol. 2:34. doi:
10.3389/fbioe.2014.00034

Craig, A. D. (2003).
gence in central processing. Annu. Rev.
10.1146/annurev.neuro.26.041002.131022

Garcia, R. G., Zarruk, J. G., Barrera, C., Pinzon, A., Trillos, E., Arenas, W.,
et al. (2011). Plasma nitrate levels and endothelial function in untreated major
depression. Psychosom. Med. 73, 344-349. doi: 10.1097/PSY.0b013e31821
566¢f

labeled lines versus conver-
Neurosci. 26, 1-30. doi:

Pain mechanisms:

a relevant impact on mood disorder psychopathology diagno-
sis and treatment. Monitoring fast emotional responses as the
result of fast stimulation times through instantaneous heart-
beat dynamics could make a continuous evaluation of disorder
progression possible, thus representing an important scientific
advancement. On a final note, as emotional state is presently
determined in a clinical setting using questionnaires with limited
accuracy and quantitative power (Wittchen and Jacobi, 2005),
a more automated and objective assessment using a noninva-
sive physiological and easy-to-monitor signal such as the ECG
would provide improved inpatient and outpatient care, thereby
significantly reducing the time and cost of mental healthcare.

Funding

This study received partial funding from the Department of
Anesthesia, Critical Care and Pain Medicine, Massachusetts Gen-
eral Hospital, Harvard Medical School, Boston, MA, USA, from
the European Union Seventh Framework Programme FP7/2007-
2013 under Grant No. 601165 of the project “WEARHAP,” and
from the Colombian Institute for the Development of Science
and Technology “Colciencias” (Project No. 6566-408-20391).

Garcia, R. G., Zarruk, J. G.,, Guzmdn, J. C., Barrera, C., Pinzén, A., Trillos,
E., et al. (2012). Sex differences in cardiac autonomic function of depressed
Young adults during orthostatic stress. Biol. Psychol. 90, 179-185. doi:
10.1016/j.biopsycho.2012.03.016

He, B., Baird, R., Butera, R., Datta, A., George, S., Hecht, B,, et al. (2013). Grand
challenges in interfacing engineering with life sciences and medicine. Biomed.
Eng. IEEE Trans. 60, 589-598. doi: 10.1109/TBME.2013.2249251

Horn, D. I, Yu, C,, Steiner, J., Buchmann, J., Kaufmann, J., Osoba, A., et al. (2010).
Glutamatergic and resting-state functional connectivity correlates of severity in
major depression—the role of pregenual anterior cingulate cortex and anterior
insula. Front. Syst. Neurosci. 4:33. doi: 10.3389/fnsys.2010.00033

Iverson, G. L., Gaetz, M. B., Rzempoluck, E. J., McLean, P., Linden, W., and
Remick, R. (2005). A new potential marker for abnormal cardiac physiology
in depression. J. Behav. Med. 28, 507-511. doi: 10.1007/s10865-005-9022-7

Korhonen, I, and Bardram, J. E. (2004). Guest editorial introduction to the special
section on pervasive healthcare. IEEE Trans. Inf. Technol. Biomed. 8, 229. doi:
10.1109/TITB.2004.835337

Lanata, A., Valenza, G., and Scilingo, E. P. (2012). A novel EDA glove based on
textile integrated electrodes for affective computing. Med. Biol. Eng. Comput.
50, 1163-1172. doi: 10.1007/s11517-012-0921-9

Leistedt, S. J., Linkowski, P., Lanquart, J. P., Mietus, J. E., Davis, R. B., Gold-
berger, A. L., et al. (2011). Decreased neuroautonomic complexity in men dur-
ing an acute major depressive episode: analysis of heart rate dynamics. Trans.
Psychiatry 1, e27. doi: 10.1038/tp.2011.23

Lemoult, J., Yoon, K. L., and Joorman, J. (2012). Affective priming in major
depressive disorder. Front. Integr. Neurosci. 6:76. doi: 10.3389/fnint.2012.00076

Mathews, A., and MacLeod, C. (2005). Cognitive vulnerability to
emotional disorders. Annu. Rev. Clin. Psychol. 15, 167-195. doi:
10.1146/annurev.clinpsy.1.102803.143916

Nagai, M., Kishi, K., and Kato, S. (2007). Insular cortex and neuropsychiatric
disorders: a review of recent literature. Eur. Psychiatry 22, 387-394. doi:
10.1016/j.eurpsy.2007.02.006

Nierenberg, A. A. (2008). Major depressive disorder: epidemiology, course of
illness, and treatment. CNS Spectr. 13, 4-7. doi: 10.1017/51092852900002947

Nieuwenhuys, R. (2011). The insular cortex: a review. Prog. Brain Res. 195,
123-163. doi: 10.1016/B978-0-444-53860-4.00007-6

Rakofsky, J. J., Schettler, P. J., Kinkead, B. L., Frank, E., Judd, L. L., Kupfer, D.
J., et al. (2013). The prevalence and severity of depressive symptoms along

Frontiers in Physiology | www.frontiersin.org

March 2015 | Volume 6 | Article 74


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Valenza et al.

Characterization of depression by instantaneous entropy

the spectrum of unipolar and depressive disorders: a post hoc analysis. J. Clin.
Psychiatry 74, 1084-1091. doi: 10.4088/JCP.12m08194

Soleimani, L., Lapidus, K. A., and Iosifescu, D. V. (2011). Diagnosis and
treatment of major depressive disorder. Neurol. Clin. 29, 177-193. doi:
10.1016/j.ncl.2010.10.010

Sunagawa, K., Kawada, T., and Nakahara, T. (1998). Dynamic nonlinear vago-
sympathetic interaction in regulating heart rate. Heart Vessels 13, 157-174. doi:
10.1007/BF01745040

Thayer, J. F., Friedman, B. H., and Borkovec, T. D. (1996). Autonomic characteris-
tics of generalized anxiety disorder and worry. Biol. Psychiatry 39, 255-266. doi:
10.1016/0006-3223(95)00136-0

Valenza, G,, Citi, L., and Barbieri, R. (2014f). Estimation of instantaneous complex
dynamics through lyapunov exponents: a study on heartbeat dynamics. PLoS
ONE 9:¢105622. doi: 10.1371/journal.pone.0105622

Valenza, G., Citi, L., Gentili, C., Lanata, A., Scilingo, E. P., and Barbieri, R. (2014a).
Point-process nonlinear autonomic assessment of depressive states in bipolar
patients. Methods Inform. Med. 53, 296-302. doi: 10.3414/ME13-02-0036

Valenza, G., Citi, L., Lanata, A., Scilingo, E. P., and Barbieri, R. (2014e). Revealing
real-time emotional responses: a personalized assessment based on heartbeat
dynamics. Sci. Rep. 4, 1-13. doi: 10.1038/srep04998

Valenza, G., Citi, L., Scilingo, E. P., and Barbieri, R. (2014d). Inhomogeneous
point-process entropy: an instantaneous measure of complexity in discrete
systems. Phys. Rev. E 89:052803. doi: 10.1103/PhysRevE.89.052803

Valenza, G., Nardelli, M., Bertschy, G., Lanata, A., and Scilingo, E. P. (2014c).
Mood states modulate complexity in heartbeat dynamics: a multiscale entropy
analysis. Eur. Lett. 107:18003. doi: 10.1209/0295-5075/107/18003

Valenza, G., Nardelli, M., Lanata, A., Gentili, C., Bertschy, G., Paradiso, R., et al.
(2014b). Wearable monitoring for mood recognition in bipolar disorder based
on history-dependent long-term heart rate variability analysis. IEEE J. Biomed.
Health Inform. 18, 1625-1635. doi: 10.1109/JBHI.2013.2290382

Voss, A., Schulz, S., Schroeder, R., Baumert, M., and Caminal, P. (2009). Meth-
ods derived from nonlinear dynamics for analysing heart rate variability. Philos.
Trans. R. Soc. A Math. Phys. Eng. Sci. 367, 277-296. doi: 10.1098/rsta.2008.0232

Wittchen, H., and Jacobi, F. (2005). Size and burden of mental disorders in europe-
a critical review and appraisal of 27 studies. Eur. Neuropsychopharmacol. 15,
357-376. doi: 10.1016/j.euroneuro.2005.04.012

Yang, A. C,, and Tsai, S.-J. (2013). Is mental illness complex? From behav-
ior to brain. Prog. Neuro Psychopharmacol. Biol. Psychiatry 45, 253-257. doi:
10.1016/j.pnpbp.2012.09.015

Zung, W. W. (1965). A self-rating depression scale. Arch. Gen. Psychiatry 12,
63-70. doi: 10.1001/archpsyc.1965.01720310065008

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Valenza, Garcia, Citi, Scilingo, Tomaz and Barbieri. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

March 2015 | Volume 6 | Article 74


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Nonlinear digital signal processing in mental health: characterization of major depression using instantaneous entropy measures of heartbeat dynamics
	Introduction
	Materials and Methods
	Recruitment of Eligible Subjects
	Experimental Protocol and Data Acquisition
	Point-Process Modeling of Cardiovascular Dynamics
	Instantaneous Entropy Estimation: the Inhomogeneous Point-Process Entropy
	Computation of Other Instantaneous Linearly-Derived Parameters in the Time and Frequency Domain

	Experimental Results
	Discussions and Conclusions
	Funding
	References


