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Abstract

In this study, differences in autonomic reactivity to men-

tal stress between Major Depressive Disorder (MDD) pa-

tients and healthy control (HC) subjects are assessed by

nonlinear cardiorespiratory coupling indices derived from

the Real Wavelet Biphase. The degree and strength of

Quadratic Phase Coupling (QPC) between interacting os-

cillations of Heart Rate Variability (HRV) and respiration

are quantified before, during and after the execution of a

cognitive task. Results show that the QPC strength and

QPC degree between the respiration and the respiratory si-

nus arrhythmia component of HRV were lower in HC com-

pared to MDD during stress, suggesting that the parasym-

pathetic branch was less inhibited in MDD patients. Dur-

ing recovery, only in HC group, this degree of QPC in-

creased, while the respiratory rate was reduced, compared

to the basal stage. The degree of QPC between the respi-

ration and components of HRV in the low frequency band

([0.04, 0.15] Hz) increased in HC during stress, compared

to the basal stage, while remained unchanged in MDD pa-

tients. These results imply that depression is associated

with blunted autonomic reactivity to mental stress.

1. Introduction

Major Depressive Disorder (MDD) is a mental health

condition that imposes a heavy burden on people suffer-

ing from it [1]. One of the most common pathophysio-

logical mechanisms underlying MDD is the imbalance of

the Autonomic Nervous System (ANS) [2]. Differences in

ANS regulation between healthy control (HC) subjects and

depressed patients usually can be quantified by heart rate

variability (HRV) indices.

In a recent review, it was reported that MDD patients

show lower levels of resting HRV as well as less executive

functioning and emotion regulation during stress [3]. Be-

sides HRV, respiratory activity has emerged as an objec-

tive measure of mood regulation since the action of the di-

aphragm can be altered by emotional states such as sadness

and anxiety [4]. During sad mood, individuals with remit-

ted depression showed greater respiration pattern variabil-

ity compared to HC subjects [5].

Joint analyses of respiration and HRV may yield addi-

tional information on ANS functioning. Mutual informa-

tion between HRV and respiration signals of healthy sub-

jects showed high specificity in emotion recognition [6].

In [7], the inclusion of respiration in a HRV analysis im-

proved the stress level quantification in healthy subjects.

In [8], the analysis of linear cardiorespiratory interactions

showed that MDD subjects, compared to HC, exhibit lower

suppression of parasympathetic activity during stress.

A variety of studies suggest that the cardiorespiratory

system exhibits nonlinear interactions which can be quan-

tified by entropy [9] and phase [10] analyses, among oth-

ers. One of the very few studies involving MDD pa-

tients, showed that entropy measures of cardiorespira-

tory coupling tend to increase as depression severity in-

creases [9]. In this study, the nonlinear properties of

the cardiorespiratory system are assessed with the Real

Wavelet Biphase (RWB) [11], which quantifies the time-

phase relationship among oscillations of HRV and res-

piration that interact through a quadratic nonlinear sys-

tem. The study of the nonlinear cardiorespiratory coupling

function during ANS changes induced by mental stress

might add clinical value to the diagnosis of MDD patients.
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2. Dataset and Mental Stress Protocol

A database of 40 MDD patients (24 women, age

45.4± 13.3 years, body mass index (BMI) 27.14 ±
5.16 Kg/m2) with clinically significant depression and

40 age, sex, and BMI-matched healthy control (HC)

subjects was recorded at the Hospital Clı́nico Lozano

Blesa (Zaragoza, Spain) and the Mental Health Unit of the

Parc Sanitari Sant Joan de Deú (Barcelona, Spain) under

clinical studies PI16-0156 and PIC-148-16, respectively.

The experimental protocol is composed of three stages:

(a) the basal stage (B), where the subjects are filling psy-

chometric tests [12], (b) the stressful stage (S), where the

subjects are performing the Trail Making Test, which con-

sists in a non-verbal cognitive stressor [13], and (c) the re-

covery stage (R), where the subjects are requested to relax

during 5 minutes after the execution of the cognitive test.

Three orthogonal ECG leads and a respiratory signal

(thoracic belt) were continuously recorded using Medicom

system (ABP10 module of Medicom MTD, Ltd, Russia) at

a sampling frequency of 1000Hz and 250Hz, respectively.

3. Nonlinear Cardiorespiratory Couplings

The HRV signal was generated from the beat occurrence

time series based on the integral pulse frequency modula-

tion model and it was corrected by the mean heart rate [14].

Both HRV and respiration were resampled at fs=4 Hz and

they were band-pass filtered in the range [0.04, 0.8] Hz.

When oscillations of two signals interact through a non-

linear system new harmonics with higher-order frequency

and phase correlations will appear (Fig. 1).

f1, φ1

f2, φ2

Q-L System

() + ()2

(f1, φ1)

(f2, φ2)

(f1+f2, φ1+φ2)

(2f1, 2φ1)
(2f2, 2φ2)
(f1−f2, φ1−φ2)

Figure 1. The harmonics generated by 2 interacting oscil-

lations through a quadratic-linear (Q-L) system.

To study the time-varying cross-phase relationship be-

tween oscillations of HRV (x(t)) and respiration (y(t)),
first, their Continuous Wavelet Transform (CWT) coeffi-

cients Ws(f, t) = As(f, t)e
jφs(f,t), s ∈ {x, y} are com-

puted in an interval of length T sec, and then the instanta-

neous wavelet biphase ΦW(f1, f2, t) is obtained from,

ΦW(f1, f2, t)=φx(f1, t) +φy(f2, t)−φx(f1+f2, t). (1)

If the oscillations at frequencies f1 and f2 of x(t) and y(t),
respectively, interact through a quadratic-linear system

new harmonics will appear at f1+f2 with Quadratic Phase

Coupling (QPC), i.e, φx(f1+f2, t) =φx(f1, t)+φy(f2, t).
The QPC implies that ΦW(f1, f2, t) = 0 and it can be

quantified with the bi-frequency domain of RWB,

bΦ(f1, f2, t) =
1

T ′

∫ t+T ′/2

t−T ′/2

cos (ΦW(f1, f2, τ)) dτ, (2)

where RWB is the mean cosine value of ΦW(f1, f2, t)
around the central T ′ sec of the analyzed interval (T ′<T ).

High values of RWB imply that ΦW(f1, f2, t) is very small

during the whole analyzed interval T ′, indicating a longer-

lasting phase synchronization. Surrogate data analysis is

employed to obtain a statistically significant QPC thresh-

old [11]. RWB values that do not exceed this threshold

are set to zero. The same holds for values whose coordi-

nates exceed half the intrinsic sampling frequency of HRV,

which is given by the heart rate, since spectral components

above this frequency are due to spectrum repetitions.

The regions where QPC will be assessed are defined

based on respiratory rate information. The respiratory

rate fr(t) is derived from y(t) using the method pro-

posed in [15]. QPC between the respiration and the

respiratory sinus arrhythmia (RSA) component of HRV

is identified in the region ΩR,R : {f1 ∈ ΩR, f2 ∈ ΩR},

where ΩR = [fr(t)− 0.05, fr(t) + 0.05] Hz, while QPC

between respiration and low frequency components of

HRV is identified in the regionΩL,R : {f1 ∈ ΩL, f2 ∈ ΩR},

where ΩL = [0.04, 0.15] Hz. The involved frequencies to

QPC, i.e, when bΦ(f1, f2, t)>0 are given by,

(

f̂I
1 , f̂

I
2

)

= argmax
f1,f2∈ΩI

{bΦ(f1, f2, t)}, (3)

where I={[L,R], [R,R]}; for the simplicity of notation the

dependence of f̂I
1 , f̂

I
2 on t is omitted. The degree of QPC

between the interacting frequencies is quantified with,

CΦ
I (t) = b2Φ

(

f̂I
1 , f̂

I
2 , t

)

, (4)

where lower values imply that the phase locking in the in-

volving frequencies is reduced, i.e., ΦW(f1, f2, t) 6=0. The

strength of QPC is assessed with the Normalized Wavelet

Biamplitude (NWB):

EI(t) =

∣

∣

∣

∣

∣

t+T ′/2
∫

t−T ′/2

AW

(

f̂I
1 , f̂

I
2 , τ

)

ejΦW(f̂I

1
,f̂I

2
,τ)dτ

∣

∣

∣

∣

∣

t+T ′/2
∫

t−T ′/2

∣

∣

∣
Wx

(

f̂I
1 , τ

)

Wy

(

f̂I
2 , τ

)
∣

∣

∣
dτ

(5)

where AW (f1, f2, t)=Ax(f1, t)Ay(f2, t)Ax(f1+f2, t) is

the instantaneous wavelet biamplitude from which the am-

plitude influence of the interacting oscillations (denomi-

nator) is removed. Thus, NWB is influenced only by the
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coupling strength and the amplitude of the nonlinear oscil-

lations in HRV (Ax(f1+f2, t)).

The parameters CΦ
I
(t) and EI(t) are estimated ev-

ery 10 secs (T = 60 sec, T ′ = 10 sec) and only

when fr(t) > 0.15 Hz. The time percentage of QPC in

ΩR,R (TR,R) and ΩL,R (TL,R) is also calculated; further de-

tails can be found in [11]. An example of QPC quantifica-

tion is shown in Fig. 2.
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Figure 2. QPC assessment in the regions related

to respiration. The CWT amplitude coefficients of

(a) HRV |Wx(f1, t)|, (b) respiration |Wy(f2, t)|, and

(c) the cross-RWB bΦ(f1, f2, t = 30 sec). The respiratory

rate fr is marked with a dashed blue line, while the re-

gions ΩL,R and ΩL,R are marked with solid blue lines.

3.1. Statistical Analysis

The median value of each feature, CΦ
L,R, CΦ

R,R, EL,R,

ER,R, and fr, is obtained for each subject and stage. In-

dividual differences are assessed separately for HC and

MDD group. A multicomparison test with Bonferroni cor-

rection (N = 2) is carried out for evaluating the individual

differences at S and R stages with respect to B using the

paired t-test, and the Wilcoxon signed rank test when ap-

propriate. Differences in ANS regulation between MDD

and HC group are assessed with the t-test for indepen-

dent samples, and the Mann-Whitney U non-parametric

test when appropriate. The significance threshold in this

study is set to p < 0.025 (Bonferroni correction N = 2).

4. Results

The time percentages (mean±standard deviation) where

QPC was present in ΩR,R and ΩL,R are illustrated in Ta-

ble 1. No significant differences were found for both TR,R

and TL,R neither when evaluating the individual differences

nor for the group differences.

Table 1. Time percentage of QPC (mean±std)
HC MDD

TR,R(%) TL,R(%) TR,R(%) TL,R(%)
B 31.8± 24.5 39.4± 17.2 37.5± 23.1 38.7± 17.8
S 33.7± 24.9 37.1± 22.5 37.1± 25.2 44.9± 22.8
R 35.1± 26.2 37.6± 21.7 38.9± 25.0 43.7± 19.1

Boxplots of the features are shown in Fig. 3. Re-

sults show that the QPC strength, ER,R, and the QPC de-

gree, CΦ
R,R, (Fig. 3(a), (c)) are statistically significantly

higher in MDD compared to HC subjects during stress (S).

In the HC group, stress induced by the cognitive task ex-

ecution increased the degree of QPC in ΩL,R compared

to basal stage B (Fig. 3(d)). Furthermore, in HC group,

the QPC degree CΦ
R,R increased after task execution, while

the respiratory rate fr decreased significantly compared

to B (Fig. 3(c), (e)). No significant intra-subject differ-

ences along the protocol stages were found in MDD group.

5. Discussion

In this study differences in ANS regulation induced by a

cognitive stressor between MDD and healthy subjects are

assessed with the degree and strength of QPC between os-

cillations of HRV and respiration.

Results show that the QPC strength, ER,R, and the QPC

degree, CΦ
R,R, between the respiration and the RSA com-

ponent of HRV were statistically significantly lower in HC

compared to MDD subjects during stress (Fig. 3(a), (c)).

This suggests that the parasympathetic branch was less in-

hibited in MDD patients, which was also reported in [8],

wherein HC compared to MDD subjects showed reduced

linear cardiorespiratory coupling during stress. Moreover,

a vagal withdrawal induced by a tilt-table test resulted to a

decreased QPC strength in ΩR,R as well as in ΩL,R [11].

An increased QPC degree CΦ
L,R during stress S com-

pared to basal B was found in HC subjects (Fig. 3(d)). This

might be associated with an increased phase synchroniza-

tion between respiration and LF components of HRV dur-

ing stress. Higher QPC degree implies higher phase syn-

chronization between the interacting components. QPC

strength depends on the amplitude of the nonlinear oscil-

lations in HRV that might be reduced during stress, and on

QPC degree [11]. If biphase is maintained constant, EI(t)
will get higher values. Thus, a higher degree of QPC dur-

ing the analyzed period could attenuate the reduction in

QPC strength EL,R during stress and it may explain the ab-

sence of significant differences in the HC group.

Moreover, during the recovery stage R, the QPC

strength, ER,R, increased significantly compared to basal

stage B for HC group (Fig. 3(c)). This suggests an in-

crease of parasympathetic activity. As can been seen from

Fig. 3(e), the expected sympathetic inhibition in healthy
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Figure 3. Boxplots of the features. The QPC strength (a) ER,R, and (b) EL,R, the QPC degree (c) CΦ
R,R, and (d) CΦ

L,R,

and, (e) the respiratory rate fr. The group of HC and MDD subjects are marked in blue and red, respectively. Statistical

significant differences are marked with one asterisk when p < 0.025 and with two asterisks when p < 0.001.

subjects during R is associated with a lower respiratory

rate fr compared to B, while the respiratory rate re-

mained unchanged in MDD patients. In general, no sig-

nificant intra-subject differences along the protocol stages

were found in MDD group. These results support blunted

autonomic reactivity to mental stress in MDD subjects,

which are in agreement with previous studies [3,8], where

parasympathetic branch in MDD patients was found to be

less inhibited during mental stress. In [16], higher degree

of depression was associated with a decreased autonomic

reactivity, thereby highlighting the significance of stress

response quantification in depression.

6. Conclusions

Nonlinear cardiorespiratory coupling indices, including

the degree and strength of Quadratic Phase Coupling, show

that MDD patients exhibit a blunted autonomic reactivity

to mental stress. The relationship among interacting oscil-

lations of HRV and respiration with quadratic nature, asso-

ciated with the nonlinear cardiorespiratory coupling func-

tion, might add clinical value to the depression diagnosis.
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