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Abstract

Heart beat rate and blood pressure, together with baroreflex sensitivity, have become important tools
in assessing cardiac autonomic system control and in studying sympathovagal balance. These analyses
are usually performed thanks to spectral indices computed from standard spectral analysis techniques.
However, standard spectral analysis and its corresponding rigid band pass filter formulation suffers from
two major drawbacks. It can be significantly fooled by non stationarity issues and it proves unable
to adjust tonatural intra- and inter-individual variability. Empirical Mode Decomposition (EMD), a
tool recently introduced in the literature, provides us with a signal adaptive decomposition that proves
useful for the analysis of non-stationary data and shows a strong ability in precisely adjusting to the
spectral content of the analyzed data. It is based on the concept that any complicated set of data can
be decomposed into a finite number of components, called intrinsic mode functions, associated with
different spectral contributions.

The goals of the present article are two folds. First, we study the changes in the sympathovagal
balance induced by various pharmacological blockades (Phentolamine, Atropine and Atenolol) of the
autonomic nervous system in normotensive rats. Second, we assess the use of Empirical Mode Decom-
position for the analysis of the cardiac sympathovagal balance after pharmacological injections. To do
so, we develop a new (EMD based) LF versus HF spectral decomposition of heart beat variability and
systolic blood pressure, we define the corresponding EMD spectral indices and study their relevance to
detect and analyze accurately changes in the sympathovagal balance without having recourse to any a
priori fixed high-pass/low-pass filters.

Keywords: Autonomic Nervous System, RR Intervals, Blood Pressure, Alpha Gain, Rats, LF/HF
decomposition, Empirical Mode Decomposition, Non Standard Spectral Analysis.
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1 Motivation and Position of the Problem

Complex interactions exist between the sympathetic and parasympathetic systems, the two components

of the autonomic nervous system. They act as a balance opposing neural mechanisms. Under selected

stimulations, the dynamics of this balance mechanisms can be significantly altered [Ori et al., 1992].

Such modifications can be studied using relevant autonomic indices [Goldberger, 1999].

Heart rate variability (HRV) is a general term used to denote fluctuations in inter-beat intervals (i.e.,

intervals between consecutive heart beats or RR Intervals) and therefore in instantaneous heart rate.

The analysis of heart rate variability has become increasingly important in physiological studies (cf.

e.g., [Parati et al, 1995, Stein and Kleiger, 1999]) and the support for using heart rate variability as an

index for autonomic cardiovascular control comes from results demonstrating that heart rate variability

is virtually abolished after parasympathetic and sympathetic blockades [Pagani et al., 1986].

Heart rate variability indices (such as the ratio between the powers of the low and high frequencies,

or the normalized low frequency (LF) and high frequency (HF) powers) have been used to describe

the sympathovagal balance [Malliani et al., 1991], [Ori et al., 1992], [Pagani et al., 1986]. Under nor-

mal circumstances, the HF power represents the vagal control of the heart, modulated by breathing,

while the LF power (more precisely, its normalized version) reflects primarily the sympathetic mod-

ulation of heart rate [Malliani et al., 1991]. Finally, the LF/HF ratio characterizes the sympathova-

gal balance [Pagani et al., 1986], [Malliani et al., 1991]. However, other studies also suggest that the

low frequency heart rate rhythms may have both sympathetic and vagal origins [Pomeranz et al., 1985],

[Eckberg, 1997].

Although blood pressure is continuously modified by external stimulations, it spontaneously tends to
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return to a stable point. When blood pressure decreases or rises, the baroreceptor activity decreases or in-

creases accordingly, and influences heart rate, myocardial contractility, cardiac output, regional vasoac-

tivity and blood flow distribution through its reflex action. Thus, baroreflex is important to counteract

depressor or pressor stimuli and to cause arterial pressure to return to normal levels [Farah et al., 1999].

Quantitative analyses of the overall gain of baroreflex are commonly performed in terms of ra-

tios of powers of the frequency contents of the RR Intervals and systolic blood pressure (SBP) vari-

ations. Hence, spectral analysis has become a standard method to study baroreflex and periodogram

based estimates or autoregressive models are commonly used for the analysis of the corresponding data

[Malliani et al., 1991, Parati et al, 1995]. Such methods, which in most cases generate comparable

results, are fundamentally relying on a stationarity of the data assumption and are linear in nature. How-

ever, there are situations where these assumptions are no longer valid. For instance, a sudden change can

be imposed over the studied system or patient (see, e.g., [Souza Neto et al., 2002]). Also the spectral

content of the data under study may spontaneously vary because it is naturally tied to a time-varying

phenomenon (such as respiration). Moreover, baroreflex index definitions rely on the choice of an

a priori and rigid low frequency - high frequency decomposition. Such an approach cannot account

for the unavoidable intra- or inter-individual variability that naturally occurs. Therefore, to cope both

with non-stationarity and natural variability issues, we propose to use a non standard spectral analysis

based on a new approach, referred to asEmpirical Mode Decomposition(EMD), recently developed by

[Huang NE et al., 1998a] (See also [Huang and Shen, 2005]).

The aims of the present article are two folds. First, it is intended to assess the use of theEmpirical

Mode Decompositionto perform (non standard) spectral analysis so as to adaptively separate HF and

LF components of RR Intervals and SBP and hence to analyze the baroreflex sensitivity. Second, it

4



is proposed to study the compared relevance and benefits of the use of EMD based autonomic indices

versus standard ones for the characterization of the cardiac sympathovagal balance. This is achieved

by performing adrenergic and cholinergic receptor blockades over a population of normotensive rats.

Changes in the corresponding indices are studied after the pharmacological blockades of the autonomic

nervous system.

2 Materials and Methods

2.1 Animals

After a 10-day lasting quarantine period, eight male Wistar rats (body weight 270± 20 g, IFFA-CREDO,

Les Oncins, France) were used. They were housed in controlled conditions of temperature (22± 1 ˚C),

humidity (60± 10 %), and lighting (12-h light/dark cycle, 7:00 a.m. to 7:00 p.m. [light] and 7:00 p.m.

to 7:00 a.m. [dark]). They were fed with standard rat chow containing 0.3 % sodium (Elevage UAR,

Epinay sur Orge, France) and tap water ad libitum. The protocol is in accordance with the Guide for the

Care and use of Laboratory Animals published by the US National Institutes of Health (NIH Publication

No. 85-23, revised 1996).

2.2 Telemetry system

The telemetry system was purchased from Data Sciences InternationalTM (St Paul, MN, USA). It is

composed of an implantable transmitter Tl 11-M2-C50-PXT, a receiver RLA 1020, a pressure reference

module C11 PR, a data acquisition system with a consolidation matrix BCM 100, for converting the

radio-signal to electrical impulses, and a computer with a UA10 PC processor card for data recording

and storing.
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2.3 Surgical implantation

The rats were anesthetized with Halothane (2 % in oxygen). The telemetry transmitter was implanted 14

days before the study under aseptic conditions into the peritoneal cavity with the sensing catheter placed

in the descending aorta below the renal arteries. Transmitter leads were sutured subcutaneously to the

dorsal surface of the xiphoid process and into the anterior mediastinum close to the right atrium.

Body temperature was maintained at 38 ˚C using an electric heating pad during and after surgery

until rats awakened. During the post-surgical period the animals were administered penicillin (15000

units s.c.) and buprenorphine (0.03 mg·kg−1 s.c.) for 3 days and monitored for general health and

satisfactory blood pressure, pulse and heart rate.

Subsequently, 3 days before the study, rats were re-anesthetized with halothane (2 % in oxygen)

and a polyethylene catheter (n◦ 2, i.d. 0.38 mm, e.d. 1.09 mm, Biotrol, Paris) was inserted into the

lower inferior cava vein via the left femoral vein. The catheter was filled with heparinized Saline (50 U

heparin/ml) and plugged with a short piece of stainless steel wire.

2.4 Experimental protocol

Four types of injections were performed:

• Saline 0.9 % (100µl·kg−1 i.v; n = 8),

• Phentolamine (5 mg·kg−1 i.v., 10 mg·ml−1, Sigma Chemical, St Louis, MO, USA; n=8),

• Atropine (0.5 mg·kg−1 i.v., 10 mg·ml−1, Sigma; n=8),

• Atenolol (1 mg·kg−1 i.v., 10 mg·ml−1, Sigma; n=8).
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RR intervals and SBP will reflect the changes in the sympathovagal balance state induced by pharma-

cological blockades of the autonomic nervous system: a decrease of the parasympathetic effect after

Atropine or a decrease of the sympathetic effect after Atenolol.

The rats were kept individually in a plexiglas cage placed above the receiver. Each rat was subjected

to a total of four treatments with one injection per day (performed individually every other day). The

order of treatments was randomized for each rat, hence a cumulative effect is improbable. Agonists

were injected at the end of the recording to confirm adequate blockade. The beta 1-adrenergic blockade

was demonstrated by the suppression of tachycardia to isoproterenol administration (0.2µg·kg−1 i.v.,

Sigma). The efficacy of alpha 1-blockade by Phentolamine was assessed by the measurement of pressor

responses to an intravenous injection of the alpha-adrenoceptor agonist phenylephrine (3µg·kg−1 i.v.,

Sigma). Blood pressure and heart rate responses to metacholine (0.1µg·kg−1 i.v., Sigma) were used to

ensure the efficacy of cholinergic receptor blockade.

2.5 Data recording

RR Intervals and arterial blood pressure were monitored before and after injections. Data recording was

performed only if the rats showed no sign of infection and had normal weight gain.

Recording sessions were always performed between 9:00 a.m. and 12:00 a.m. over a period of 15

min for each injection. Continuous data acquisition (ECG and blood pressure) at a sampling rate of 1000

Hz, was done on a PC PentiumTM 133 MHz with a 12-bit analogue-to-digital converter (AT-MIO-16E-

10; National InstrumentsTM , Austin, TX, USA) equipped with a software developed with LabVIEW

4.0.1 softwareTM (National InstrumentsTM , Austin, TX, USA).

For each cardiac cycle, heart beat occurrence times,{ti}, were extracted (from the ECG signal) and
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the systolic and diastolic blood pressures were recorded at the corresponding times. Premature and pos-

textrasystolic beats were manually identified and edited by linear interpolation. Such beats represented

< 2 % of all analyzed beats. The data analyzed in the present work therefore consist of the list of the RR

intervals,{ Ri = ti+1 − ti, i ∈ I} , together with the corresponding SBP,{Pi = SBP(ti), i ∈ I} and

are hence irregularly sampled.

3 Data Analysis

3.1 Preprocessing

To transform the recorded data into a regularly sampled time series, the following preprocessing proce-

dures are applied.

1. A sliding median filter is first applied to the RR Intervals and SBP series to replace outliers and/or

abnormal values with a local average.

2. RR Intervals and SBP series are independently and regularly resampled with sampling frequency:

fe = 10Hz. It is chosen a priori high with respect to thenaturally expected frequency content of

the data. It is checked a posteriori that Shannon criterion is well-satisfied.

3. A standard linear detrending procedure is systematically applied independently on both time series.

4. Because they present significant very low frequency (VLF) components related to various phe-

nomena (such as respiration, . . . ) that are not of interest for the present study, the data are high

pass filtered. Based on results recalled below, the cut-off frequency is:fc = 0.25Hz. This last

operation is omitted when data are analyzed with EMD.
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In the sequel, the data obtained from these operations will be denoted, with a little abuse of notation,

{Rk = R(kTe), k ∈ K} and{Pk = P (kTe), k ∈ K}, whereTe = 1/fe. Examples of such time series

are shown in Figs.1 and2, top rows.

3.2 Standard Spectral Analysis and Baroreflex Sensitivity

3.2.1 LH vs HF decomposition

The spectra, or power spectral densities (PSD), of the time series, as well as the cross-spectrum, are

computed using a standard Periodogram spectral estimator (Hamming window). Estimated spectra were

labeledSR, SP andSRP , respectively. Examples are reported in Fig.1 and Fig.2, bottom rows.

Spectra are usually divided into three frequency bands appropriate to the cardiac frequency of the rat

(cf. e.g., [Souza Neto et al., 2001]):

Very Low Frequency (VLF) : fL0 = 0.0195 ≤ f ≤ fH0 = 0.26Hz,

Low Frequency (LF) : fL1 = 0.26 ≤ f ≤ fH1 = 0.75Hz,

High Frequency (HF) : fL2 = 0.75 ≤ f ≤ fH2 = 4.00Hz.

The VLF oscillations are not studied. Absolute powers of each frequency band are computed by inte-

grating PSD across the a priori chosen frequency bands:

PR,LF =
∫ fH1

fL1

SR(f)df, PR,HF =
∫ fH2

fL2

SR(f)df,

PP,LF =
∫ fH1

fL1

SP (f)df, PP,HF =
∫ fH2

fL2

SP (f)df.

 (1)

The ratio LF/HF is defined as:

LF/HF = PR,LF /PR,HF . (2)
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Normalized powers enable us to perform comparisons between animals that are characterized by

large variations in absolute PSDs. They are obtained by dividing the integrated PSDs within each fre-

quency band (LF or HF) by the sum of the LF and HF absolute PSDs:

P̃R,LF = PR,LF /(PR,LF + PR,HF ),
P̃R,HF = PR,HF /(PR,LF + PR,HF ),
P̃P,LF = PP,LF /(PP,LF + PP,HF ),
P̃P,HF = PP,HF /(PP,LF + PP,HF ).

 (3)

3.2.2 Baroreflex sensitivity and Alpha Gains

The baro-sensitivity consists of the regulation mechanism that interrelates the fluctuations of RR Inter-

vals to that of SBP. It can be characterized via two numbers referred to as the LF and HF Alpha Gains

are defined as:

αLF =
∫ fH1

fL1

γ(f)

√
SR(f)
SP (f)

df, αHF =
∫ fH2

fL2

γ(f)

√
SR(f)
SP (f)

df, (4)

where the coherence functionγ is defined as:

γ(f) =
SRP (f)√

SR(f)SP (f)
. (5)

3.3 Empirical Mode Decomposition and Baroreflex sensitivity

In a recent work, we proposed to define extensions of these Alpha Gains that allowed us to study the evo-

lution along time of the baro-sensitivity and derived the corresponding algorithm (cf. [Custaud et al., 2002]

for thorough details). However, in the present work, we mostly want to be able to account for natural

intra- and inter-individual variabilities. To do so, we propose the use of a non standard spectral analysis

based on the Empirical Mode Decomposition (EMD).
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3.3.1 Empirical Mode Decomposition

The starting point of EMD is to consider oscillations at a very local level. In fact, when looking at the

evolution of a signalX(t) between two consecutive extrema (say, two minimam− andm+, occurring

at timest− andt+, respectively). It becomes possible to heuristically define a (local) high-frequency

partd(t), or local detail, which corresponds to the oscillation terminating at the two minima and passing

through the maximumM , that necessarily exists in betweenm− andm+. For the picture to be complete,

one still has to identify the corresponding (local) low-frequency partm(t), or local trend, so that we have

X(t) = m(t) + d(t) for t− < t < t+. Assuming this is done in some proper way for all the oscillations

composing the entire signal, the procedure can then be applied on the residual consisting of all local

trends. Constitutive components of a signal can therefore be iteratively extracted this way, the only

definition of such a so-extracted "component," referred to as anIntrinsic Mode Function(IMF), being

that it is locally (i.e., at the scale of one single oscillation) in the highest frequency band. Given a signal

X(t), the effective algorithm of EMD is as follows:

1. identify all extrema ofX(t)

2. interpolate between minima (resp. maxima), ending up with some "envelope"en(t) (resp.eM (t))

3. compute the averagem(t) = en(t)+eM (t)
2

4. extract the first "mode" asd(t) = X(t)−m(t)

5. iterate on the residualm(t)

In practice, the above procedure has to be refined by first iterating steps 1 to 4 upon the detail signal

d(t), until this latter can be considered as zero-mean according to somestopping criterion, this is usu-

ally referred to as thesiftingprocedure [Huang NE et al., 1998a]. The aims of this repeated operation is
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to eliminate the riding waves and to achieve a more symmetrical wave-profile by smoothing the uneven

amplitudes. It is suggested that a threshold is used, computed by summing the squared normalized differ-

ences from two consecutive sifting results, between 0.2 and 0.4 as a limit, to obtain the desired IMF first

component [Huang NE et al., 1998a, Huang et al., 1998b, Huang et al., 1999, Echeverria et al., 2001].

Once this is achieved, the detail is considered as the effective IMF, the corresponding residual is com-

puted and step 5 applies.

An IMF satisfies two conditions: in the whole data set, the number of extrema and the number of

zero crossings must either equal or differ at most by one; and at any point, the mean value of the envelope

defined by the local maxima and the envelope defined by the local minima is zero [Huang et al., 1999].

By construction, the number of extrema is decreased (on average, by a factor of 2) when going from

one residual to the next. Modes and residuals are determined on spectral arguments, but it is worth

stressing the fact that their high vs. low frequency discrimination applies only locally and corresponds

by no way to a pre-determined sub-band filtering (as, e.g., in a wavelet transform). Selection of modes

rather corresponds to an automatic and adaptive and hence signal-dependent (and possibly time-variant)

filtering.

Given an input signalX to be analyzed, the output of the EMD procedure therefore consists of a

set of IMFs whose number and contents are both signal and procedure parameter dependent. IMFs are

numbered in increasing order IMFX,1, IMFX,2, . . . from high frequency to low frequency contents.

3.3.2 Intrinsic Mode Function Association

Because IMFs are adaptively or self-chosen by the data under analysis, there is no reason why they

should naturally match therigid a priori VLF, LF, HF bandwidth division mentioned above. To be able
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to perform an EMD based analysis of the Baroreflex sensitivity, we need to re-define EMD based LF

and HF components. Based on observations detailed and made explicit in Section4.2 below, we are

able to define the HF and LF contributions of the RR Intervals and SBP time series by addition of well

chosen IMFs (precise definitions are postponed to Section4.2). They are labeled, RLF , RHF , PLF , PHF

andSR,LF , SR,HF , SP,LF andSP,HF stand for their power spectra respectively. From those LF and HF

components, the corresponding spectral indices can be defined (the′ are added to distinguish the EMD

based quantities from the standard ones):

P ′
R,LF =

∫
SR,LF (f)df, P ′

R,HF =
∫

SR,HF (f)df,

P ′
P,LF =

∫
SP,LF (f)df, P ′

P,HF =
∫

SP,HF (f)df,

(LF/HF)’ = P ′
R,LF /P ′

R,HF ,

P̃ ′
R,LF = P ′

R,LF /(P ′
R,LF + P ′

R,HF ), P̃ ′
R,HF = P ′

R,HF /(P ′
R,LF + P ′

R,HF ),
P̃ ′

P,LF = P ′
P,LF /(P ′

P,LF + P ′
P,HF ), P̃ ′

P,HF = P ′
P,HF /(P ′

P,LF + P ′
P,HF ).


(6)

3.3.3 Baroreflex sensitivity: EMD based Alpha Gains

Because we no longer have two time series,R andP , but four,RHF , RLF , PHF , PLF to characterize

the baroreflex sensitivity, we can no longer apply the Alpha Gains as defined in Eq. (4) above. We

propose the following EMD extensions of these indices.

α′
LF =

∫ f̄P,LF +β∆fP,LF

f̄P,LF−β∆fP,LF

γLF (f)

√
SR,LF (f)
SP,LF (f)

df,

α′
HF =

∫ f̄P +β∆fP,HF

f̄P,HF−β∆fP,HF

γHF (f)

√
SR,HF (f)
SP,HF (f)

df.

 (7)

The central frequencies,̄fP,LF , f̄P,HF , the standard deviation spectral extensions,∆fP,LF ,∆fP,HF and

the coherence functions,γ′LF , γ′HF , are defined as:

f̄P,LF =
∫

f.SP,LF (f)df/

∫
SP,LF (f)df,

∆fP,LF =
(∫

(f − f̄P,LF )2SP,LF (f)df/

∫
SP,LF (f)df

)1/2

,

γ′LF (f) = SRP,LF (f)√
SR,LF (f)SP,LF (f)

.


(8)
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For HF quantities, the corresponding definitions hold changing LH into HF.

The definition ofα′
LF (resp., ofα′

HF ) involves a division byPLF (resp.,PHF ). By construction,

PLF (resp.,PHF ) is a band pass process and it is experimentally observed that its spectrum mostly

vanishes outside the rangēfP,LF − 2∆fP,LF ≤ f ≤ f̄P,LF + 2∆fP,LF (resp.,f̄P,HF − 2∆fP,HF ≤

f ≤ f̄P,HF + 2∆fP,HF ) (cf. Figs7 and8). This leads us to restrict accordingly the integration range,

making use of the tunable parameterβ > 0 whose precise choice will be further discussed (cf. Section

4.3). Obviously,RHF andRLF also consist of band pass processes. Because they are involved in the

numerator of the EMD-gain definitions, they do not imply any restriction. Moreover, for most cases,

it can be observed thatfP,LF ,∆fP,LF andfR,LF ,∆fR,LF closely coincide (resp.,fP,HF ,∆fP,HF and

fR,HF ,∆fR,HF ).

3.4 Statistical tests and significant changes

Non-parametric Friedman test associated with the Wilcoxon matched pairs test corrected for multiple

comparisons were performed for comparisons between base, Saline,α1 − β1− and cholinergic block-

ades. Wilcoxon’s test for paired data was used to study agonist effects before and after blockade. Statis-

tical analysis was performed using the StatView TM software for Windows (1996, version 4.57, Abacus

Concepts Inc., Berkeley, CA, USA). Results are reported in tables (cf. Tables1 to 4) and are expressed

in terms of median± median absolute deviation. The usualp ≤ 5 % significance level is used and

significant changes are marked with stars in tables.

3.5 Analysis Routines

The EMD procedures and the corresponding non standard spectral analysis as well as the standard one

and the change test were developed by ourselves in Matlab, MathworksTM , using the signal processing
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and statistical toolboxes, together with the Time-Frequency toolbox [Auger et al., 1995]. The EMD

codes are available at perso.ens-lyon.fr/patrick.flandrin.

4 EMD procedure: practical issues, HF/LF decomposition
and Alpha Gains

Prior to describing the results obtained on the sympatovagal balance analysis (cf. Section5), this section

aims at detailing practical issues in the implementation of the EMD procedure as well as the experimental

results leading to the definition of the rules for the IMF association and hence to the EMD LF and HF

decomposition.

4.1 Practical difficulties in implementation

• Sampling Rate. It has been observed empirically that the EMD procedure presents a better stabil-

ity with respect to the frequency contents of the obtained IMFs when the analyzed data are sufficiently

oversampled. It can be seen (cf. Figs1 and2) that the frequency contents of the data essentially vanish

above3Hz. It has been chosen to sample the data at10Hz so that not only Shannon sampling theorem is

respected but the data are significantly oversampled. Higher oversampling frequencies do not improve

the obtained results but may induce significantly higher computational costs.

• Sifting iteration number. As described in Section3.3 above, a key element in the construction of

the IMF lies in the choice of a stopping criterion qualifying how close it is from a zero-mean component

and hence controlling the maximum number of allowed sifting iterations. Experimentally, we observed

that allowing a too large number of iterations is not a desirable fact. It means first a high computational
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cost. Second and foremost, it results in the creation ofartificial frequency contents in IMFs. Indeed, to

satisfy a severe stopping criterion, the EMD procedure tends to produce energy in the very low and low

frequency ranges for the first IMF. Because EMD ensures perfect reconstruction by linear addition of

IMFs, this, in turns, also create artificial energy in the same frequency ranges for the subsequent IMFs,

hence a propagation of the defect across IMFs. A careful examination of the IMFs computed for each

subject led us to choose to stop the sifting procedure either when a non severe criterion is satisfied or

when a maximum number of iterations is reached. Practical experimentations led us to choose this max-

imum to20. We carefully checked that the results reported in the present work do not depend on this

precise choice of the iteration number and remain consistent when this number is varied from15 to 100.

4.2 IMF Frequency contents and EMD based LF and HF decomposition

• IMF Frequency contents. Figs. 3 and4 present the superimposition of the spectra for IMF1 to

6 obtained from all analyzed RR Intervals and SBP time series respectively. For RR Intervals, Fig.3

shows that the spectral contents of the four first IMFs fall within the HF and LF frequency bands, while

all the subsequent IMFs are in the VLF frequency band or even below. This is why only the four first

IMFs are considered for the RR Intervals time series. The same holds for the three first IMFs of the SBP

time series. As an example, the periodogram based estimates of the spectra of the five first IMFs for RR

Intervals and SBP of two given rats are shown in Fig.5 and Fig.6. For each IMF, the rigid position of

the VLF, LF, HF bandwidth division are reported in black dashed vertical lines. The central frequency

and the standard deviation spectral extension, that summarize the frequency content of the IMFs, are

also represented with red crosses. They are defined as in Eqs. (8), mutatis mutandis.
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Together, the examination of these four figures enable us to draw two major conclusions. First, in

all cases IMFs with labels strictly larger than4 correspond to VLF or even lower frequencies. They

will not be further studied. Second, for RR Intervals time series, IMF1 and IMF2 have spectral contents

that are systematically mainly spread within the HF band, while those of IMF3 and IMF4 fall in the LF

band. For SBP time series, the spectrum of IMF1 corresponds to HF and whose of IMF2 and IMF3

to LF. These considerations led us to propose the following EMD-driven definitions of the HF and LF

contributions of the RR Intervals and SBP time series (cf. Section3.3above):

RHF (t) = IMFR,1(t) + IMFR,2(t),
RLF (t) = IMFR,3(t) + IMFR,4(t),
PHF (t) = IMFP,1(t),
PLF (t) = IMFP,2(t) + IMFP,3(t).

 (9)

We checked manually rat by rat and injection by injection that these associations are meaningful for each

case.

• EMD based LF and HF decomposition. Figs. 7 and8 give examples of the spectral contents of

RHF , RLF , PHF , PLF for two different subjects, chosen as representative for the two characteristic sit-

uations practically observed: the EMD LF/HF decomposition matches the a priori rigid bands (Example

1) or it does not (Example 2). On the plots, the a priori LF/HF separations are shown with black dashed

vertical lines, while the central frequency and the standard deviation spectral extension are pictured in

solid line (red) crosses. Their definitions are adapted straightforwardly from Eqs. (8). Fig. 7 is repre-

sentative for a large number of rats and injections, one sees that the frequency ranges of the EMD LF

and HF contributions (RLF andRLF , PHF andPHF , resp.) spontaneously match those of the a priori

rigid LF and HF bands. This is not an input of the approach and hence constitute per se a first interesting

result validating the use of EMD: when the frequency contents of the data naturally matches the a priori

rigid LF and HF bands, EMD provides us with this decomposition.
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Fig. 8 shows the spectral contents of the LF and HF EMD components for another subject. For

this particular individual, it can be noticed that, for both RR Intervals and SBP, the LF components are

significantly shifted towards lower frequencies. A large portion of the corresponding energy would have

been considered VLF with the classical approach and not taken into account into the study of the sym-

pathovagal balance while it is actually included in this balance determination with the EMD approach.

This second example is chosen as a representative of a second group of (numerous) individuals, for

which the EMD based LF and HF components do not exactly match the rigid a priori frequency band

decomposition.

In the former example, standard and non standard spectral analysis yield equivalent values for the

computed indices, while in the latter, significant differences are observed. Our interpretation of these

discrepancies is the following: The spectral content of the data that can be associated to the sympathetic

and parasympathetic activities do not naturally fallexactlywithin the a priori chosen rigid frequency

bands. Because of inter- and intra- individual natural or external variabilities, this bands may be slightly

shifted from one measurement to the other (see e.g., [Novak and Novak, 1993, Ramaekers et al., 2002])

and EMD spontaneously accounts for these natural variations. The key point of our approach therefore

lies in the fact that we obtain a LF versus HF separation without resorting to a priori chosen and rigid

band pass filters. The a priori LF/HF separation defined above is now only used a guide line to decide

whether IMFs belong to LF or HF. This is the improvements brought by the use of EMD.

4.3 EMD Alpha Gains: Choosing theβ parameter

The parameterβ in Eq. (7)) is related to the extension in the frequency domain of the spectra of the band-

pass processesPLF andPHF . The choice of its value results from a trade-off that can be formulated as
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follows: a too largeβ would yield an overlap in the integration frequency bands and is hence against

the intuition of a LF vs HF decomposition. A too smallβ would result in highly fluctuating non robust

EMD Alpha Gains. Again, a careful examination of this issue led us to chooseβ = 1 (as represented in

the figures). We checked that the results reported here do not significantly depend on the precise choice

of β in a range0.5 ≤ β ≤ 1.2. Moreover, the rangesfP,LF − ∆fP,LF ≤ f ≤ fP,LF + ∆fp,LF and

fp,HF − ∆fp,HF ≤ f ≤ fp,HF + ∆fP,HF tend to spontaneously match the a priori chosen widths of

the LF and HF bands. This is not an a priori input of the method and can be considered as a significant

a posteriori validation of the choiceβ = 1.

5 Experimental results

5.1 Time domain analysis

Injections did not induce stress in animals and no sign of restlessness or irritation appeared. After

Phentolamine, Phenylephrine did not change systolic blood pressure (∆ = 5± 3 mmHg). Metacholine

did not change RR intervals (∆ = 10± 7 ms) or systolic blood pressure (∆ = -6 ± 3 mmHg) after

Atropine. Isoproterenol induced no significant change in RR intervals after Atenolol (∆ = 10± 8 ms).

Time domain measures of RR intervals systolic and diastolic blood pressure are reported in Table1.

Saline injections do not induce any significant change in the global time domain indices. All other

injections do. Phentolamine reduced RR intervals by 30 %, systolic and diastolic blood pressure by

26 % and 17 % respectively. Atropine reduced RR intervals by 24 %, and increased systolic and diastolic

blood pressure by 11 % and 16 % respectively. Atenolol increased RR intervals by 11 % and reduced

systolic and diastolic blood pressure by 9 %.
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5.2 Standard spectral analysis

Tables2 and3 (top parts) summarize the values of various indices computed on RR Intervals and SBP,

respectively, using the standard spectral analysis and change detection test described above.

For RR Intervals, Atropine reduces LF (58 %), HF (84 %), normalized HF (19 %) and increases

LF/HF ratio (56 %) and normalized LF (28 %).

For SBP, Atropine induces a significant increase in LF (234 %), HF (94 %) and normalized LF

(118 %) and reduces normalized HF (34 %).

Table4 (top part) reports the changes in the Alpha Gains. Baroreflex sensitivity, measured by the LF

and HF Alpha Gain indices, decreases after Atropine (62 %, 79 % respectively).

5.3 EMD based spectral analysis

Tables2, 3 and 4 (bottom parts) gather the values taken by the EMD based spectral indices for RR

Intervals and SBP as well as Alpha Gains.

For RR Intervals, Phentolamine increases the normalized HF (42 %) while Reducing normalized

LF (28 %) and LF/HF (49 %). Atropine reduced HF (76 %) and normalized HF (39 %) and increased

normalized LF (26 %) and LF/HF (107 %). Atenolol induced significant increase in normalized HF

(48 %) and reduced normalized LF (33 %) and LF/HF (55 %).

For SBP, Atropine reduces the normalized HF (52 %) and increases the LF (253 %), HF (50 %) and

normalized LF (15 %).

For the baroreflex sensitivity,α′
LF is decreased after Atropine and Atenolol (72 %, 50 % respec-

tively) while α′
HF is decreased after Atropine (69 %).
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6 Discussion

The combined use of a priori chosen and rigid frequency bands (and of the corresponding band pass fil-

ters) together with standard (parametric or non parametric) spectral techniques, leading to the definitions

of Alpha Gains as in Eq. (4), suffers from two major limitations [Huang et al., 1998b]: First, they rely

on a perfect stationarity assumption for the analyzed data. Second, they assume that the frequency band

definitions used above in the low vs high frequency decompositions are absolute and cannot depend on

the data. TheEmpirical Mode Decomposition(EMD) based spectral analysis approach provides the user

with a valuable tool to overcome those two difficulties (cf. [Huang NE et al., 1998a, Huang et al., 1998b,

Huang et al., 1999]).

In the present study, we mostly analyze subjects under stable conditions (after injections, a delay

is respected before data recording) so that the data remain reasonably stationary within the analysis

time window. However, potential developments under investigations consist in studying transient states

such as those observed during or just after injections. For such situations, producing highly non sta-

tionary time series, we proposed, in a recent work, to define an extension of these gains that allowed

us to study the evolution along time of the baro-sensitivity and derived the corresponding algorithm (cf.

[Custaud et al., 2002] for thorough details). However, EMD also proves helpful. This is under investiga-

tion. For the work reported in the present contribution, the baro-sensitivity of the rats presents a strong

and significant inter-subject variability. For instance, the frequency band decomposition corresponding

to the sympathovagal balance may indeed slightly vary from one rat to the other according to its age,

gender,. . . Also, it is well-known that the baro-sensitivity of a given subject is likely to be spontaneously

and dynamically modified or (slightly) shifted under an imposed change or external circumstances (such
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as stress, fatigue, respiration rate . . . ). To account for and accommodate both theseinter and intra

individual variations, we have chosen to use theEmpirical Mode Decomposition, because of its being a

highly signal adaptive frequency decomposition.

Let us now compare the results obtained from standard and EMD based spectral indices.

For RR Intervals, most of the significant changes detected by standard spectral analysis are also seen

by EMD. For SBP, standard spectral analysis and EMD are in perfect agreement. These results can be

read as a clear validation of the fact that the EMD based spectral analysis proposed in the present work

provides us with a meaningful spectral analysis tool.

One can further notice that for RR Intervals a number of significant changes are detected by EMD

when they are missed by standard spectral analysis (cf. Table2). Let us carefully analyze these cases.

A close inspection shows that for Atenolol, detections are missed by standard spectral analysis because

the p-values (not reported here for sake of clarity of the Tables, but available upon request) are slightly

above but very close to the5 % threshold value that yields a detection. Hence, we can argue that the

EMD approach better takes into account the inter-individual variability and hence better achieves the LF

and HF decomposition and the corresponding sympatovagal analysis. Therefore, it enables us to clearly

detect changes that are significant and are onlyslightly missed by standard spectral analysis because of

its rigid a priori choices.

For Phentolamine, the situation is very different. Changes detected by EMD are totally missed by

standard spectral analysis (the corresponding p-values are large). The reduction of the RR Intervals

normalized LF component after Phentolamine, an alpha 1-adrenoreceptor blocker, suggests a strong

link between the RR Intervals low frequency oscillations and the sympathetic vasomotor activity. This
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confirms results in [Malliani et al., 1991], [Pagani et al., 1986], [Rubini et al., 1993]. Also, it has been

reported in [Akselrod et al., 1987], [Herijgers & Flameng, 1998] that Phentolamine administration with-

draws the vasomotor tone which is mainly sympathetic in rats.

Moreover, it is interesting that an increase in the RR Intervals normalized HF component is ob-

served after Phentolamine injection (cf. Table2). In addition to its well-known ability to block alpha

1-adrenoreceptors on vascular smooth muscles, Phentolamine also has a central sympathetic withdrawal

action (cf. [Herijgers & Flameng, 1998], [ Hilliard et al., 1972]) hence yielding an RR Intervals normal-

ized HF increase.

Therefore, in comparison to standard spectral analysis that misses sympathovagal balance alterations

after Phentolamine administration, EMD hence shows a better ability to detect them.

Let us now turn to baroreflex sensitivity. Low frequency baroreflex sensitivity decreases after At-

ropine and Atenolol. However, it is reduced less by beta-blockade than it is by administration of At-

ropine, indicating the predominance of vagal effects in this measure of the baroreflex sensitivity (Ra-

maekers et al., 2002). Therefore, it is worth noting here that the EMD based low frequency Alpha Gain

index detects changes both for Atropine and Atenolol while the standard spectral analysis one is blind

to the latter (cf. Table4).

For High frequency baroreflex sensitivity, both tools detect the change induced by Atropine. For

Phentolamine, the standard index sees a change when the EMD based one does not (cf. Table4). This

may be explained by the effect of respiration on RR Intervals, known as the respiratory sinus arrhyth-

mia. Without standardization against the respiratory rate (which we did not measure in our study), high

frequency changes cannot be fully and relevantly studied [Saul et al., 1989], [Perlini et al., 1995]).
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Therefore, in all situations where discrepancies between the results obtained with EMD and standard

spectral analysis were observed, a number of arguments can be proposed that indicate that EMD provides

us with a finer analysis of the sympathovagal balance modifications.

7 Conclusion and perspectives

In the present work, we have assessed the relevance of various spectral indices for the detection and

analysis of changes in the sympatovagal balance. We have shown that the use of a non standard spectral

analysis based on Empirical Mode Decomposition brings improvements compared to standard spec-

tral analysis. This is mainly because it enables to account for the natural intra- and inter-individual

variabilities. Indeed, it avoids the drawbacks induced by the choice of priori, rigid, and uniform, for all

individuals, band-pass filters. Also, we showed that the use of EMD requires significant attention regard-

ing implementation issues such as sampling rate, sifting procedure stopping criterion, IMF association

procedure and Alpha Gain definitions. The EMD based spectral analysis requires further developments

under investigations to be made fully automatic.

Because EMD is naturally designed to address non stationarities, the non standard spectral analy-

sis developed here could be fruitfully extended to situations where a dynamical change is imposed to

the patient and where the study of the dynamical behavior of the baroreflex sensitivity is of interest.

This EMD approach can also relevantly be compared to other ones based on time-frequency representa-

tions [Cohen, 1995], [Novak and Novak, 1993], [Flandrin, 1999] that provide indications regarding the

way the spectral energy distribution of a signal varies along time. Also, we believe that the potential-

ities of the EMD based approach developed here are such that it could be successfully used in other
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physiological situations to provide new observations more directly applicable to research in physiology

[Gustin et al., 1998]. Further studies are necessary in animals and in humans to assess the use of this

method to study alterations induced by hypertension, diabetes or other transition periods like arrhythmia.
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Control Saline Phentolamine Atropine Atenolol
(0.9 %) (10 mg ·ml−1) (10 mg ·ml−1) (10 mg ·ml−1)

RR intervals (ms) 170± 3 172± 5 122± 4∗ 128± 5∗ 188± 3∗

SBP(mmHg) 121± 5 125± 7 95± 7∗ 135± 6∗ 110± 8∗

DBP (mmHg) 92± 3 90± 5 76± 3∗ 107± 2∗ 80± 3∗

Table 1: Time domain measures of RR intervals, systolicSBPand diastolicDBPblood pressures in different
experimental conditions for 8 conscious rats. Results are expressed in terms of median± median absolute
deviation and the stars,∗, indicate a significant change compared to the control value (as detected using a
non parametric Friedman test, cf. Section3.4).

Control Saline Phentolamine Atropine Atenolol
(0.9 %) (10 mg ·ml−1) (10 mg ·ml−1) (10 mg ·ml−1)

Standard PR,LF 0.36± 0.16 0.43± 0.23 0.14± 0.67 0.15± 0.13∗ 0.43± 0.43
PR,LF 0.56± 0.22 0.62± 0.24 0.26± 0.94 0.10± 0.10∗ 0.92± 1.10

P̃R,LF 0.41± 0.03 0.40± 0.04 0.37± 0.07 0.52± 0.10∗ 0.31± 0.10

P̃R,HF 0.59± 0.03 0.60± 0.04 0.63± 0.07 0.48± 0.10∗ 0.69± 0.10
LF/HF 0.68± 0.08 0.672± 0.12 0.581± 0.17 1.06± 0.55∗ 0.45± 0.21

EMD P ′
R,LF 1.00± 0.35 0.90± 0.47 0.28± 1.60 0.96± 0.87 0.90± 0.78

P ′
R,HF 0.74± 0.31 0.83± 0.32 0.36± 1.40 0.18± 0.23∗ 1.30± 1.60

P̃ ′
R,LF 0.60± 0.06 0.57± 0.05 0.43± 0.07∗ 0.75± 0.11∗ 0.40± 0.12∗

P̃ ′
R,HF 0.40± 0.06 0.43± 0.05 0.57± 0.07∗ 0.25± 0.11∗ 0.60± 0.12∗

LF/HF 1.48± 0.30 1.35± 0.22 0.75± 0.23∗ 3.10± 2.40∗ 0.67± 0.36∗

Table 2: Standard vs EMD based Spectral Analysis Indices: RR Intervals.LF and HF, absolute and
normalized powers, and LF/HF ratio, top part: computed from standard spectral analysis (cf. Section3.2),
bottom part: computed from EMD (cf. Section3.3). Powers are expressed in103ms2/Hz. Results are
expressed as in Table1.
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Control Saline Phentolamine Atropine Atenolol
(0.9 %) (10 mg ·ml−1) (10 mg ·ml−1) (10 mg ·ml−1)

Standard PP,LF 0.29± 0.16 0.32± 0.16 0.28± 0.31 0.97± 0.23∗ 0.24± 0.17
PP,HF 0.16± 0.08 0.18± 0.10 0.33± 0.17 0.31± 0.07∗ 0.15± 0.15

P̃P,LF 0.64± 0.06 0.70± 0.05 0.51± 0.16 0.77± 0.03∗ 0.64± 0.11

P̃P,HF 0.36± 0.06 0.30± 0.05 0.49± 0.16 0.23± 0.03∗ 0.36± 0.11

EMD P ′
P,LF 0.51± 0.30 0.52± 0.26 0.42± 0.42 1.80± 0.52∗ 0.35± 0.34

P ′
P,HF 0.14± 0.08 0.17± 0.09 0.24± 0.14 0.20± 0.05∗ 0.14± 0.14

P̃ ′
P,LF 0.78± 0.06 0.79± 0.03 0.64± 0.16 0.89± 0.03∗ 0.77± 0.10

P̃ ′
P,HF 0.22± 0.06 0.23± 0.03 0.37± 0.16 0.11± 0.03∗ 0.23± 0.10

Table 3: Standard vs EMD based Spectral Analysis Indices: Systolic blood pressure.LF and HF,
absolute and normalized powers, top part: computed from standard spectral analysis (cf. Section3.2),
bottom part: computed from EMD (cf. Section3.3). Powers are expressed in103mmHg2/Hz. Results are
expressed as in Table1.

Control Saline Phentolamine Atropine Atenolol
(0.9 %) (10 mg ·ml−1) (10 mg ·ml−1) (10 mg ·ml−1)

Standard αLF 0.07± 0.13 0.13± 0.13 0.07± 0.03 0.03± 0.01∗ 0.06± 0.05
αHF 0.56± 0.49 0.59± 0.50 0.22± 0.22∗ 0.12± 0.02∗ 0.34± 1.00

EMD α′
LF 0.10± 0.12 0.14± 0.12 0.08± 0.08 0.03± 0.04∗ 0.05± 0.03∗

α′
HF 0.68± 0.50 0.37± 0.40 0.16± 0.67 0.21± 0.06∗ 0.39± 1.2

Table 4:Standard vs EMD Alpha Gains. LF and HF Alpha Gains, top part: computed from standard spec-
tral analysis (cf. Section3.2), bottom part: computed from EMD (cf. Section3.3). Results are expressed as
in Table1.
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Figure 1:Example 1. For a chosen rat (Phentolamine Injection): left column, RR Intervals (RRI), right
column, systolic blood pressure (SBP), top row, time series, bottom row, Power Spectral Densities estimates
(in 103ms2/Hz for RRI and103mmHg2/Hz for SBP), obtained from periodograms. The vertical dashed
lines indicate the VLF, LF and HF rigid a priori frequency bands. Equivalent plots for each rat and each
injection are available upon requests.
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Figure 2:Example 2.For a chosen rat (no Injection). Legend as in Fig.1.
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Figure 3: RR Intervals IMFs for all subjects. Superimposition of the 6 first IMFs for the RR Intervals
signals of the 40 experiments (non normalized log-lin plots). The vertical dashed lines show the VLF, LF
and HF rigid a priori frequency bands. This shows that IMF1 and IMF2 are mainly concentrated in the HF
band while that IMF3 and IMF4 essentially correspond to the LF one. IMF5 and of higher order are clearly
living in lower frequency ranges.
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Figure 4: Systolic blood pressure IMFs for all subjects. Superimposition of the 6 first IMFs for the
systolic blood pressure (SBP) signals of the 40 experiments (non normalized log-lin plots). This shows that
IMF1 is mainly concentrated in the HF band while that IMF2 and IMF3 essentially correspond to the LF
one. IMF4 and of higher order are clearly living in lower frequency ranges.

35



0 1 2 3 4 5
0

2

4

RRI

im
f1

a 1

0 1 2 3 4 5
0

10

20

im
f2

a 2

0 1 2 3 4 5
0

10

20

im
f3

a 3

0 1 2 3 4 5
0

10

20

im
f4

a 4

0 1 2 3 4 5
0

20

40

im
f5

Frequency (Hz)

a 5

0 1 2 3 4 5
0

5

10
SBP

im
f1

b 1

0 1 2 3 4 5
0

20

40

im
f2

b 2

0 1 2 3 4 5
0

20

40
im

f3

b 3

0 1 2 3 4 5
0

100

200

im
f4

b 4

0 1 2 3 4 5
0

500

1000

im
f5

Frequency (Hz)

b 5

Figure 5:IMFs for Example 1. Spectral estimates for the five first IMFs for the RR Intervals (left column)
and systolic blood pressure (right column) for the rat chosen as Example 1 in Fig.1. Vertical dashed
lines indicate the VLF, LF and HF rigid a priori frequency bands. The solid line crosses denote the central
frequency plus and minus one standard bandwidth (cf. Section3.3.2for definition) for each IMF. These
plots highlight on an example that, for RR Intervals, the spectral contents of IMF1 and IMF2 are mainly
spread in the HF band while the spectral contents of IMF3 and IMF4 essentially live in the LF one and that,
for systolic blood pressure, the spectral content of IMF1 is mainly spread in the HF band while the spectral
contents of IMF2 and IMF3 essentially live in the LF one. Equivalent plots for each rat and each injection
are available upon requests.
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Figure 6:IMFs for Example 2. Legend as in Fig.5. Compared to those in Fig.5, these plots show that the
central frequencies are mostly shifted towards low frequencies.
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Figure 7:EMD based LF and HF associations for Example 1.Spectral estimates for the HF (top) and
LF (bottom) EMD based contributions for the RR Intervals (left column) and systolic blood pressure (right
column) for the rat chosen as Example 1 in Fig.1. Vertical dashed lines indicate the VLF, LF and HF
rigid a priori frequency bands. The solid line crosses denote the central frequencies plus and minus one
standard bandwidth (computed from the SBP signal, cf. Section3 for definition). These crosses delimitate
the frequency bands over which the Alpha Gains are computed. On this example, one sees that the EMD
based HF and LF decomposition spontaneously matches the HF/LF a priori and rigid frequency band one.
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Figure 8:EMD based LF and HF associations for Example 2.Legend as in Fig.7. Compared to those
in Fig. 7, these plots indicate that the EMD based HF and LF separation may differ from the HF/LF a priori
and rigid frequency band decomposition, here it is shifted towards low frequencies. This is where the EMD
based non standard spectral analysis brings a significant contribution: it is signal adaptive so that it can
spontaneously adjust to the natural shifts in the actual HF and LF frequency contents of the data.
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