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Info within the biomedical signalInfo within the biomedical signal

• May not be apparent in the signal
• Measurement noise
• Other interacting signals
• Not visible to the human eye

• Signal processing usually required 
• Extract the useful info
• Covert to meaningful and interpretable data

• Not optimum to deep into the system/organ, 
• but, usually inexpensive and suitable for massive 

scrutiny making still wise to go for the most  
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ECG 
Recording
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Recording



EGM signal originEGM signal origin



ECG signal 
Characteristics
ECG signal 
Characteristics

•Pseudo periodic

•Transitory

•Non stationary
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Dynamic

•Alternans

•Heart Rate 
Variability

•QT/RR

Clinically relevant 
information
Clinically relevant 
information
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Bioelectrical Signal Processing in 
Cardiac and Neurological 

Applications
Leif Sörnmo & Pablo Laguna

Elsevier/Academic Press, 2005

Libro de texto cuyo objetivo es unir la Ingeniería 
-tratamiento de las señales bioeléctricas- con la 

fisiologia.



Biomedical signal 
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Biomedical signal 
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Their informative content is known just partially.

The  “truth” is rarely at our disposal to validate the tools.
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As opposite to other signal processing 
application:  
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Waves of the ECG: P-QRS-TWaves of the ECG: P-QRS-T

P-wave

R-wave

T-wave

Q-wave
S-wave

ST-segment

P-
duration
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duration

PQ- interval QT- interval

P-wave

R-wave

T-wave

Q-wave
S-wave

ST-segment

P-
duration

QRS-
duration

PQ- interval QT- interval

Large differences, even, between manual marks form 
different  cardiologist...



Waves delineationWaves delineation
Easy

ECG

Medium

Help signal

ECG

Difficult

Help signal

ECG

Help signal



Where is the real onset and end 
of waves?

Multilead ECG delineation  
Single lead

Multi-lead



Automatic annotations:

Manual annotations:

Group 1 : me < 40 ms
SD < 50 ms

Well detected 
end of T- wave 



Detector Pon P Poff QRSon QRSoff Ton T Toff
WT 10.7 8.2 9.9 8.9 9.5 26.6 20.3 22.9
LPD 11.2 9.3 12.7 9.5 9.3 24.7 25.6 26.9
Tolerance 10.2 - 12.7 6.5 11.6 - - 30.6

Mean Standard Deviation (in ms )

Detector Pon P Poff QRSon QRSoff Ton T Toff
WT 1.3 -7.8 0.3 -6.6 -0.4 2.3 -6.1 0.7
LPD -9.4 -0.1 5.4 3.5 1.3 -3.3 -24.0 -19.7

Bias (in ms) between automatic and manual anotations 

Delineación de ECG: 
Validación

Delineación de ECG: 
Validación



Noise reductionNoise reduction



NoiseNoise

External origin, as 50/60 Hz, other 
equipment, etc. 

Physiological origin,  as EMG in 
ECG analysis.   
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Basics with noiseBasics with noise

Every noise context should be address 
with a specific strategy, no 
generalization  

Rarely one algorithm can be extrapolated 
without mayor considerations. 

Their adaptation is very important NOT to 
destroy signal characteristics.  
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Ruido electrocardiográficoRuido electrocardiográfico
Variaciónes de la linea de base

Artefactos  de movimiento de los electrodos

Ruido mioeléctrico (EMG)



Filtering   50/60 HzFiltering   50/60 Hz

Original signal

Notch Filter 
(stándar)

Nonlineal Filter



Filtering   50/60 HzFiltering   50/60 Hz
Solution: non-lineal filter

•Substract a sinusoid

•Error function

•Non-linear sinusoid update

•Noise subtraction



Warning: artifacts interpreted 
as late potentials.

Warning: artifacts interpreted 
as late potentials.

Late potentials as arrhythmia risk markers in post MI patients  

zoom



Baseline variations at the  
ECG
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Baseline filteringBaseline filtering
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Atrial fibrillation  Atrial fibrillation  

Spectral 
Estimation 
of the AA



Atrial fibrillation:  
Multi-lead

Atrial fibrillation:  
Multi-lead



Ionic modulation of Atrial Fibrillation 
dynamics
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Organization, synchronization and 
Coherence in EGM
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Atrial fibrillation:  Where to Ablate? 
Guiding



Ventricular arrhythmic risk 
indexes  

Ventricular arrhythmic risk 
indexes  



Hypothesis: QT is affected by a history of RR intervals that can 
be expressed as an RR weighted average (      )

Elementary Elementary ElementaryTime-invariant analysis of the QT / RR relationship

 QT lags behind RR changes:

RR

RRiRRj RRi-1

QTi



Repolarization 
Analysis and 
modelling
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ElementaryBeat-to-beat response of QT to abrupt changes

N = 1 N = 30 N = 50



Rate Adaptation of Repolarization
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QT(s)
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1. Ionic mechanisms of APD rate adaptation:
 Fast phase: ICaL and IKs dynamics in ventricle and maximal conductances of ICaL and INaCa in atria

 Slow phase: intracellular Na+ dynamics in both cavities

2. Abnormally slow APD rate adaptation  higher arrhythmic risk

Repolarization 
response to heart 

rate changes

Ventricle Atria



Virag et al, 2001
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Simulation Experiment
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Repolarization alternansRepolarization alternans



Detección de AlternanciasDetección de Alternancias
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Matriz de complejos ST-T: 
M latidos, con N muestras por complejo

Introducción Revisión Análisis de AOT basado en modelos Evaluación AOT en PTCA Conclusiones
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P series de coeficientes

Introducción Revisión Análisis de AOT basado en modelos Evaluación AOT en PTCA Conclusiones
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Detección de alternnaciasDetección de alternnacias
Introducción Revisión Análisis de AOT basado en modelos Evaluación AOT en PTCA Conclusiones

Detector Gausiano

Detector Laplaciano 

Estimación de la alternancia 

Repo a una 
muestra dada 
para latido  i



B BBBBBA AA AAAA
Indices de riesgo 
cardiaco: Alternancias

Tratamiento de señales biomédicas



Alternancias de onda T en 
isquemia



Does a multilead approach improve the 

clinical utility of TWA?

presence / absence of TWA

TWA amplitude at each instant

distribution of TWA among leads
. . . 

TWA

TWA

TWA



The multilead scheme includes additional stages: 
transformation and reconstruction

The multilead scheme includes additional stages: 
transformation and reconstruction
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Evaluation of the PCA-based scheme 
PCA converts the input signal into a set of uncorrelated 
components sorted in descending order of variance

No se puede mostrar la imagen en este momento.

Transformed signal
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3. Evaluation of the CA-based scheme 

The component with 2-beat period is projected onto
the first transformed lead

m
V

8 10 12 14 16 18

-20

-15

-10

-5

0

Input signal

I

II

V6

V5

V3

V2
V1

V4

time (s) time (s)
8 10 12 14 16 18

-7

-6

-5

-4

-3

-2

-1

0

T7

T8

T6
T5

T3
T2
T1

T4

Transformed signal



In synthetic signals, the multi-CA scheme presents 
the best PD for Valt between 20 and 105 dB 

3.2. Results: detection performance 

PD

Valt (V)
53



The rate of deaths was significantly higher in TWA+ group 
for all end points 

Results: association of TWA indices and mortality risk

CD SCD



Artefacted alternans from pedaling or stride cadence
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• APD restitution curves APD vs RR (steady-state 
conditions)

• APD restitution dispersion  Arrhythmogenic substrate

APDTpe

Dispersion of APD restitution from ECG



Dispersion of APD restitution from ECG

Δα=

Δα=αmax - αmin

QUANTIFICATION FROM
SURFACE ECG 

Increased restitution dispersion associated to 
ventricular tachyarrhythmia  



Dispersion of APD restitution from ECG



Agreement between simulated APDR slope dispersion and 
estimates from clinical ECG data



APPLICATION: Drug Cardiotoxicity

Baseline + Sotalol
3 patients X TdP
8 volunteers YES no TdP

Database

APDR dispersion (∆α) has been shown to provide better risk stratification after sotalol 
administration than standard ECG-biomarkers such as QTc. 



: up-slopes of the R wave

: down-slope of the R wave

: terminal slopes of the S wave

QRS slopes

CinC’ 2010  Belfast September 26-29th, 2010

sample n

Depolarization Analysis. Ischemia  
monitoring  and quantification



: absolute change during PCI

: standard deviation (SD) of      at control

2

Quantification of the dynamic changes during ischemia
Methods PCI

CinC’ 2010  Belfast September 26-29th, 2010

═



63

QRS slopes measured  in a control and PCI recording for a particular  patient

Results in PCI

Leads obtained from spatial QRS 
loops.

CinC’ 2010  Belfast September 26-29th, 2010

Standard lead  (V2)



Temporal analysis

Averaged relative factor of change for the QRS
slopes in leads V2 and V3 during the occlusion.

Leads that presented the 
greatest changes. 

Index V3 V5

5.11 9.31

6.01 8.06

CinC’ 2010  Belfast September 26-29th, 2010

time (min) time (min)

Results PCI



Averaged relative factor of change for the lead V3 and those leads obtained from 
the spatial QRS loops.

Results PCI
Comparison between standard and derived leads 



Multiple linear regression (also including R wave changes) 

Predictor                     Dependent variable            Dependent  variable
variables                              Extent                                Severity

(% of  LV), R^2 (p)             (% of  LV), R^2 (p)

Results PCI



Animal ModelsAnimal Models

13 Healthy pigs weighing 
40-50 kg

Balloon Angioplasty in the 
mid LAD

12 lead ECG monitoring:

• control  
• occlusion (40 min)
• reperfusion (4 hours)



Time course evolution during occlusion
(for one pig)

Time course evolution during occlusion
(for one pig)



Correlation analysis between Mar/IS and the 
quantified ECG changes

Correlation analysis between Mar/IS and the 
quantified ECG changes



Time Varying IPFM model
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ANS evaluation by HRV analysis in non 
stationary conditions



VI Jornadas de la REDINBIO  - Cádiz 18,19 y 20 de NoviembreVI Jornadas de la REDINBIO  - Cádiz 18,19 y 20 de Noviembre

Stress test

ANS evaluation by HRV analysis at non 
stationary conditions



Cardiolocomotor coupling and 
Band re-definition 
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Frequency bands of interest

FC(n)

FR(n)

-FHR(n)+2 FC(n)

FHR(n)- FC(n)

FHR(n)/2



18,19 y 20 de Noviembre

Results

Overlapping!!!



VI Jornadas de la REDINBIO  - Cádiz 18,19 y 20 de Noviembre
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Multimodal analysis of cardiovascular 
variability  in non stationary conditions



Dynamic iteration between RR and SBP



• Heart Rate Turbulence (HRT) is a pattern of 
response to a VPB in the instantaneous heart rate.

• Early heart rate acceleration phase followed by 
heart rate deceleration.

Introducción
Heart Rate Turbulence

Averaged tachogram (RR series)
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Introducción

• Heart Rate Turbulence (HRT) is a pattern of 
response to a VPB in the instantaneous heart rate.

• Early heart rate acceleration phase followed by 
heart rate deceleration.



• Baroreflex phenomenon triggered by the BP 
decrease due to the VPB. 

• Main role played by parasympathetic branch of 
ANS

ECG ECG

BP BP
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Introducción



Heart Rate Turbulence

Reset

+

Averaged Tachogram



Respiration gradually slower

Respiratory information 
derived from ECG (rhythm)

Respiratory information 
derived from ECG (rhythm)



Respiratory information 
derived from ECG 

(Amplitude/Slopes)

Respiratory information 
derived from ECG 

(Amplitude/Slopes)



 EDR signal: QRS-VCG loop alignment
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ECG

Air volume

angles

Rotation angles 
are the basis 

for respiratory 
signal 

estimation.

Respiratory information 
derived from ECG

Respiratory information 
derived from ECG



ECG derived respiratory frequency
• Beat substitution in low SNR leads



0 . 5 0 . 7
- 1

1 . 5

m i n

V

7 . 4 7 . 6
- 1

1 . 5

m i n

V

0 . 5 0 . 7
- 1

1

m i n

AU

7 . 4 7 . 6
- 1

1

m i n

A
U

EDR Results

0 5 10 15
0.2

0.3

0.4

0.5

0.6

H
z

min
0 5 10 15

0.2

0.3

0.4

0.5

0.6

min

H
z



ECG derived respiratory frequency
• Simulation study



Deriving Respiration from the Pulse PPG Signal



Deriving Respiration from the Pulse PPG Signal



Deriving Respiration from the PPG Signal



Conclusions
• Physiology-oriented processing allows better

extracting the information hidden in the
biomedical signal

• Multimodal, Multiscale, Multidisciplinary
signal processing may add in diagnosis, therapy
and follow-up of diseases

• No general solutions, contextualization is
always required

• Biosignal analysis, usually not optimum, but 
still suitable for massive scrutiny and 
monitoring so making  sense go for the most  
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