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Heart: Mechanical and Electrical Activity

Mechanically: a cardiac cycle starts at the right atrium
(RA) and ends at the left ventricle (LV).
Electrically: a cycle starts at the sinoatrial (SA) node
in the RA, and the impulses propagate to the left atrium
(LA) and the ventricles (with a delay).Section 6.1. Electrical Activity of the Heart 413 

Figure 6.1: Schematic illustration of (a) the heart's anatomy (the arrows indicate 
the directions of the blood flow into and out of the heart) and (b) its electrical 
conduction system. 

into two "mirrored" sides, left and right, which support different circulatory 
systems but which pump in a synchronized, rhythmic manner. Each side 
of the heart consists of two chambers, the atrium where the blood enters 
and the ventricle where the blood is forced into further circulation, see Fig- 
ure 6.1(a). The two sides are divided by a muscular wall called the septum. 
The direction of blood flow is controlled by four different valves Which are 
located between the atria and the ventricles (atrioventricular valves) and 
between the ventricles and the arteries (pulmonary and aortic valves). 

The wall of the heart is called the myocardium and is primarily com- 
posed of muscle cells which produce mechanical force during contraction of 
the heart. The myocardium also contains specialized muscle cells which are 
connected into a network (conduction system) that allows an electrical im- 
pulse to rapidly spread throughout the heart. A cardiac cycle is created 
when such an impulse propagates through the conduction system. The elec- 
trical impulse is the event that triggers the mechanical force, and thus the 
electrical event precedes heart contraction. 

The sequence of mechanical events that defines a cardiac cycle can be 
assumed to start in the right atrium where blood is collected from all the 
veins in the body except those of the lungs. When the right atrium is 
triggered to contract, it forces blood into the right ventricle. When the 
right ventricle has been filled, it contracts and forces blood into the lungs, 
where the excess carbon dioxide is replaced by oxygen. The pulmonary veins 
return the oxygenated blood to the left atrium which in turn empties into 
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Bioelectrical signals: Action potentials (APs)

Electrical Cell States:
Equilibrium potential: At rest, cells are typically
negatively charged (-60 mV to -100 mV).
Depolarization: When an external stimulus (current)
arrives, positively charged ions enter the cell⇒ The
cell’s potential increases and becomes positive.
Repolarization: When the positive equilibrium potential
is reached, the flow of ions reverses⇒ The cell quickly
returns to its equilibrium potential.
Refractory period: The cell is inactive⇒ It cannot
respond to a new stimulus.

All-or-nothing principle:
If the stimulus exceeds a threshold level⇒ AP occurs
with the same amplitude regardless of the intensity of
the stimulus.
If the stimulus does not exceed the threshold level⇒
Nothing happens: cell remains at equilibrium potential.
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Examples of Action potentials (APs)

Remarks:
The duration of APs varies more than its amplitude.
Repolarization can take longer than depolarization.
APs can travel from cell to cell⇒ Mechanism for
propagation of bioelectrical currents.
The refractory period sets an upper limit on the rate of
action potentials.
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Characteristics of ECG signals

Sinoatrial (SA) node:
Group of cells that beat on their own (automaticity) and
start/control the electrical cycle.
The typ. rate of an SA rhythm is below 220 bpm and
decreases with age⇒ max. heart rate = 220 - age.
Heart rate control can be taken over by other groups of
cells (ectopic focus).

Refractory period:
Typ. 200 – 250 ms⇒ max. heart rate: 240 – 300 bpm.
Can decrease up to 100 ms during atrial fibrillation (AF)
⇒ heart rate up to 600 bpm.

Conduction velocity inside the heart:
From only 0.05 m/s at the atrioventricular (AV) node. . .
. . . up to 4 m/s at the Purkinje fibers.
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Electrocardiogram (ECG)

Electrocardiograms (ECGs) record the electrical activity
of the heart at different sites:

External or surface ECGs.
Intracardiac ECGs or electrograms (EGMs).416 Chap te r  6. The Electrocardiogram--A Brief Background 

Figure 6.2: The morphology and timing of action potentials from different regions 
of the heart and the related cardiac cycle of the ECG as measured on the body 
surface. 

as an equivalent current  dipole source to which a vector is associated, de- 
scribing the dipole's t ime-varying position, orientat ion,  and magni tude.  The 
related vectors of all these groups can be summed  to give a "dominant"  
vector which describes the main  direction of the electrical impulse, see Fig- 
ure 6.3. 

The d ipole /vector  representa t ion has proven very useful for unders tand-  
ing how the waves of the ECG are generated as recorded by electrodes at- 
tached to the body  surface. 1 Figure 6.4 i l lustrates the sequence of vectors 
associated with  different phases of depolar izat ion and repolar izat ion and the 
related ECG wave, in this example viewed by an exploring electrode which 
is posi t ioned on the chest (known as lead V5, see below). This electrode posi- 
t ion pr imari ly  reflects the act ivi ty of the left ventricle, a l though the act ivi ty 
of the atr ia  and the right ventricle can also be observed. 

lit has been shown that the ECG is proportional to the projection of the dominant 
vector onto a lead vector whose direction is defined by the positions of the heart and the 
electrode(s) [6]. The lead vector modulus decreases as the electrodes retreat from the 
heart due to increased impedance and, consequently, with a lowered ECG amplitude as a 
result. It is often helpful to consider the ECG as being proportional to the projection of 
the dominant vector onto the lead vector. 
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Intracardiac ECGs or Electrograms (EGMs)

Intracardiac ECGs (Electrograms):
ECGs obtained placing a catheter directly in contact
with the heart tissue (invasive and hard to obtain).
More localized information than standard ECGs.
Waveforms change over time and channels.

Applications:
Implantable devices (pacemakers and defibrillators).
RF catheter ablation for atrial fibrillation (AF) patients.

4.3 Análisis de FA mediante frecuencias dominantes 129

una vena pulmonar de la auŕıcula.

(a) Catéter circular en vena pul-
monar, junto a la sonda de abla-
ción.
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(b) Señales del Lasso en fibrilación auricular.

Figura 4.2: Catéter circular Lasso multipolar situado en una vena pulmonar,
junto al catéter de ablación. Imagen extráıda de (Ghaye et al., 2003). A la
derecha se muestra un ejemplo de electrogramas de fibrilación sensados con
el catéter circular.

Estas señales xi(t), i = 1, . . . , 10, están muestreadas a 977 Hz. Los pa-
cientes han dado su consentimiento al estudio y éste ha sido aprobado por el
comité de ética del Hospital Gregorio Marañón.

4.3. Análisis de FA mediante frecuencias do-

minantes

En la última década se ha investigado en una técnica conocida en el
mundo médico como de frecuencias dominantes. Se asume la hipótesis de
que las zonas de la pared card́ıaca con una mayor velocidad en la generación
de impulsos eléctricos son el foco de la arritmia; la búsqueda de las zonas con
frecuencias dominantes y su ablación se ha mostrado como un método eficaz
para el mantenimiento del ritmo sinusal en pacientes con FA (Ng et al., 2006;
Atienza et al., 2009). Con el objeto de identificar estas áreas se ha empleado
un tratamiento de señal básico (Fischer et al., 2007), que se recoge en los
bloques presentados en la Figura 4.3.

Estos bloques de tratamiento permiten identificar la frecuencia funda-
mental de la FA, obviando la forma de onda de cada estimulación.

Para un primer análisis, se modela la fibrilación auricular como un tren
de ondas como la de la Figura 4.4, equiespaciadas cada T = 130 msg.
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External ECGs

Obtained placing electrodes in the surface of the body.
Routinely acquired in many clinical situations:

Non-invasive, easy and cheap to acquire, allows
detecting many cardiac pathologies, well-defined shape.
Low spatial resolution, records ventricular activity.

Section 6.2. Generation and Recording of an ECG 427 
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into the ST segment. 

convention. Atrial depolarization is reflected by the P wave, and ventricular 
depolarization is reflected by the QRS complex, whereas the T wave reflects 
ventricular repolarization, see Figure 6.10. Atrial repolarization cannot usu- 
ally be discerned from the ECG since it coincides with the much larger QRS 
complex. The amplitude of a wave is measured with reference to the ECG 
baseline level, commonly defined by the isoelectric line which immediately 
precedes the QRS complex. The duration of a wave is defined by the two 
time instants at which the wave either deviates significantly from the baseline 
or crosses it. 

The P wave  reflects the sequential depolarization of the right and left 
atria. In most leads, the P wave has positive polarity and a smooth, mono- 
phasic morphology. Its amplitude is normally less than 300 #V, and its 
duration is less than 120 ms. An absent P wave may, for example, suggest 
that  the rhythm has its origin in the ventricles, i.e., a ventricular ectopic 
focus has taken precedence over the SA node causing atrial depolarization 
to coincide with ventricular depolarization. 

The spectral characteristic of a normal P wave is usually considered to 
be low-frequency, below 10-15 Hz (Figure 6.11). However, the application of 
ensemble averaging techniques to produce a noise-reduced ECG has helped 
demonstrate that  much higher frequency components of the P wave exist; 
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ECG Acquisition

Recorded by measuring the difference in voltage
between a pair of electrodes (lead).
Types of leads:

Unipolar: Records voltage variation w.r.t. a reference
electrode s.t. its voltage is almost constant.
Bipolar: Records voltage variation between two
electrodes.

Multiple-lead configurations typically used: unipolar,
bipolar or mixed.
ECG amplitude ranges from µV to 1 V⇒ amplifier with
high gain and large dynamic range required.
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Standard 12-lead ECG

Bipolar limb leads:

I = VLA − VRA

II = VLL − VRA

III = VLL − VLA = II − I

Augmented unipolar limb
leads:

aVR = VRA −
VLA + VLL

2

aVL = VLA −
VRA + VLL

2

aVF = VLL −
VLA + VRA

2

Unipolar precordial leads:

Vi −
VLA + VRA + VLL

3
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Standard 12-lead ECG (II)

Einthoven triangle: Formed by I, II & III⇒ Describe
the cardiac electrical activity in three different directions
of the frontal plane.
Augmented limb leads: Fill in the gaps of the bipolar
limb leads.
Precordial leads:

V1 & V2 ⇒ Reflect activity of the right ventricle.
V3 & V4 ⇒ Reflect activity in the front of the left
ventricle.
V5 & V6 ⇒ Reflect activity in the lateral wall of the left
ventricle.

The six limb leads have lower amplitude and more
noise than the precordial leads.
Other lead systems (vectorcardiogram) can be
synthesized from the 12-lead system.
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ECG Generation
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ECG waves and time intervals (I)
Section 6.2. Generation and Recording of an ECG 427 
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convention. Atrial depolarization is reflected by the P wave, and ventricular 
depolarization is reflected by the QRS complex, whereas the T wave reflects 
ventricular repolarization, see Figure 6.10. Atrial repolarization cannot usu- 
ally be discerned from the ECG since it coincides with the much larger QRS 
complex. The amplitude of a wave is measured with reference to the ECG 
baseline level, commonly defined by the isoelectric line which immediately 
precedes the QRS complex. The duration of a wave is defined by the two 
time instants at which the wave either deviates significantly from the baseline 
or crosses it. 

The P wave  reflects the sequential depolarization of the right and left 
atria. In most leads, the P wave has positive polarity and a smooth, mono- 
phasic morphology. Its amplitude is normally less than 300 #V, and its 
duration is less than 120 ms. An absent P wave may, for example, suggest 
that  the rhythm has its origin in the ventricles, i.e., a ventricular ectopic 
focus has taken precedence over the SA node causing atrial depolarization 
to coincide with ventricular depolarization. 

The spectral characteristic of a normal P wave is usually considered to 
be low-frequency, below 10-15 Hz (Figure 6.11). However, the application of 
ensemble averaging techniques to produce a noise-reduced ECG has helped 
demonstrate that  much higher frequency components of the P wave exist; 
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ECG waves and time intervals (II)

P wave:
Reflects atrial depolarization.
Positive polarity & smooth, monophasic morphology.
Amplitude < 300 µV & Duration < 120 ms.
Frequency content below 10 – 15 Hz.
Onset & termination difficult to determine precisely.

QRS complex:
Reflects ventricular depolarization.
Typically composed of 3 waves:

Q wave⇒ 1st negative deflection.
R wave⇒ 1st positive deflection.
S wave⇒ 1st negative deflection after R wave.

Morphology highly variable, depending on the origin of
the beat (sometimes has more or less than 3 signals)
Amplitude up to 2 – 3 mV & Typ. duration 70 – 120 ms
(can last up to 250 ms for ectopic beats).
Frequency content concentrated in 5 – 40 Hz.
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ECG waves and time intervals (III)

ST segment:
Interval during which the ventricles are in an active,
depolarized state.
Begins at the end of the S wave and proceeds almost
horizontally until the T wave.

T wave:
Reflects ventricular repolarization.
Round & smooth morphology.
Frequency content below 10 Hz.
Extends up to 300 ms after the QRS complex.
Position depends on heart rate: narrower and closer to
QRS complex at rapid rates.
Can merge with the following P wave.
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Spectrum of ECG signals
428 Chapter 6. The Electrocardiogram--A Brief Background 
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Figure 6.11" Power spectrum of the P wave, QRS complex, and T wave. The 
diagram serves primarily as a rough guide to where the spectral components are 
located; large variations exist between beats of different lead, origin, and subjects. 

such components have been found useful for predicting the occurrence of 
certain arrhythmias of atrial origin. 

It is sometimes problematic to determine the time instants that define 
the onset and end of a P wave because of a low amplitude and smooth 
morphology. As a result, the analysis of individual P waves is excluded from 
certain ECG applications where the presence of noise is considerable. 

The Q R S  c o m p l e x  reflects depolarization of the right and left ventricles 
which in the normal heart lasts for about 70-110 ms. The first negative 
deflection of the QRS complex is denoted the Q wave, and the first positive 
is denoted the R wave, while the negative deflection subsequent to the R wave 
is denoted the S wave (Figure 6.10). Although the QRS complex may be 
composed of less than three individual waves, it is nevertheless referred to 
as a QRS complex. The morphology of the QRS complex is highly variable 
and depends on the origin of the heartbeat: the QRS duration of an ectopic 
beat may extend up to 250 ms, and is sometimes composed of more than 
three waves. 

Since the QRS complex has the largest amplitude of the ECG wave- 
forms, sometimes reaching 2-3 mV, it is the waveform of the ECG which is 
first identified in any type of computer-based analysis. The algorithm that 
performs the search is termed the QRS detector and produces the "land- 
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ECG & Heart Rhythms:
Sinus Rhythm vs. Arrhythmias

Sinus rhythm:
Originates at the SA node and has a regular rate of 60
– 100 bpm at rest.
Even in the absence of external perturbations, the heart
rate has some small variability.

Arrhythmias: Any deviation from the normal sinus
rhythm. Classification:

According to Heart Rate (HR):
Bradyarrhythmia⇒ HR < 60 bpm.
Tachyarrhythmia⇒ HR > 100 bpm.

According to its duration:
Paroxysmal⇒ Suddenly begins and ends.
Persistent/permanent⇒ Does not end.

According to its origin:
Atrial.
Ventricular.



ECG Signal
Processing

L. Martino

Table of
Contents

Heart

ECG

ECG Signal
Processing
Noise Removal

QRS Detection

Dominant Frequency
for AF

Bibliography

Noise & Artifacts: Baseline wander

Extraneous, low-frequency activity in the ECG.

Always present (up to some extent) in the recordings.

Caused (partly) by respiration (typ. 12–20 breaths/min):

Fluctuation in the baseline.
Amplitude modulation in QRS complexes.

Frequency content typically below 1 Hz.
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Noise & Artifacts: Electrode motion

Caused by alterations in electrode-skin impedance due
to movement.

Frequency content in the range 1 – 10 Hz (i.e., overlap
with PQRST complex).

Can result in large amplitude waveforms that R peak
detectors can erroneously identify as QRS complexes.
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Noise & Artifacts: Electromyogram (EMG)

Caused by the electrical activity associated to muscle
contractions.

Particularly important for ECGs recorded during
ambulatory monitoring or exercise.

Frequency content overlaps with QRS complex,
extending also to higher frequencies.



ECG Signal
Processing

L. Martino

Table of
Contents

Heart

ECG

ECG Signal
Processing
Noise Removal

QRS Detection

Dominant Frequency
for AF

Bibliography

Noise: Spectrum

(a) Baseline wander (b) Electrode motion (c) EMG noise

(d) Baseline wander (e) Electrode motion (f) EMG noise
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Noise & Artifacts: Others

Powerline interference:
Caused by improper grounding and interference from
other electronic equipments.
Characterized by a strong component at 50/60 Hz and
its harmonics.

Electrode contact noise:
Caused by loss of contact between electrode and skin
(intermitent or permanent).
Results in large artifacts and useless ECG.
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Basic ECG signal processing blocks

Processing tailored to application & acquisition conditions.

Noise filtering: Removes baseline wander & powerline noise.

QRS detection: Basic info. for all types of ECG signal processing.

Wave delineation: Finds duration and amplitude of heartbeats.

Data compression: Exploits redundancy in data to reduce
storage/tx. requirements without compromising quality.
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Noise removal: Baseline wander (I)

Baseline wander depends on measurement conditions:
For ECGs acquired in rest conditions⇒ fM < 0.5 Hz.
For stress tests⇒ Increased frequency content.

Can be removed by a high-pass filter:
Cut-off frequency fc = 0.5 Hz.
Linear phase to avoid phase distortion.
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Noise removal: Baseline wander (II)

Linear Time Invariant (LTI) filtering:
Finite Impulse Response (FIR) filters⇒ linear phase,
very long impulse response.
Infinite Impulse Response (IIR) filters⇒ much shorter,
non-linear phase⇒ forward-backward filtering.

Other alternatives: Linear Time Variant (LTV) filtering,
polynomial fitting, compressed sensing, etc.
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Noise removal: Powerline interference

Corresponds to a 50/60 Hz plus harmonics.
Usually not a problem for QRS detection, but can affect
waveform delineation.
Easily removed by a notch filter. Drawbacks:

Attenuation of frequencies close to 50/60 Hz.
Ringing⇒ Small oscillations caused by the transient
behaviour of the filter.

Other techniques can be used:
Nonlinear fitering.
Estimation-substraction.
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Powerline interference: Notch filter
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Powerline interference: Estimation-substraction
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QRS Detectors: Block Diagram

Linear Filter:
Preserves the essential content of QRS complex and removes
other components (P and T waves) and noise.
Center frequency: 10 – 25 Hz. Bandwidth: 5 – 10 Hz.
Focus on improving SNR, waveform distortion not an issue.

Nonlinear Transformation:
Enhance QRS complex w.r.t. background noise.
Transforms each QRS complex into single peak for detection.
Simple memoriless operation (e.g., rectification or squaring)
or more complex transformation with memory.

Decision Rule:
Threshold procedure to determine presence of QRS complex.
May include additional tests (e.g., waveform duration).
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QRS Detectors: Characteristics

Most QRS detectors described in the literature have
been developed from ad hoc reasoning and
experimental insight. [Sornmo & Laguna, 2005]
Desired Features:

Detect a large number of different QRS morphologies.
Follow changes of the prevailing QRS morphology.
Not lock into any particular heart rhythm.
Show robustness w.r.t. typical ECG noise.

Many QRS detectors are only designed to detect
heartbeats (i.e., low temporal resolution)⇒ May need
another algorithm for time alignment.
Type of QRS Detectors:

Amplitude and first derivative.
First derivative.
First and second derivative.
Digital filters.
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Engelese & Zeelenberg Algorithm [SQRS]:
Differentiator

Let us assume an ECG, x [n], sampled at fs = 250 Hz.
First stage: Differentiator + 62.5 Hz notch filter (to
remove 60 Hz powerline noise):

y [n] = x [n]− x [n − 4].

freqz([1 0 0 0 -1], 1, 1000, 250)



ECG Signal
Processing

L. Martino

Table of
Contents

Heart

ECG

ECG Signal
Processing
Noise Removal

QRS Detection

Dominant Frequency
for AF

Bibliography

Engelese & Zeelenberg Algorithm [SQRS]:
Low-Pass Filter

Second stage: Low-pass filtering:

z[n] = y [n]+4y [n−1]+6y [n−2]+4y [n−3]+y [n−4].

freqz([1 4 6 4 1], 1, 1000, 250)
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Engelese & Zeelenberg Algorithm [SQRS]:
Decision

Based on two thresholds with equal magnitude and
opposite polarity (±γ).
Procedure:

Scan z[n] until finding z[n] > γ at n = n∗.
Perform a search within the next 160 ms (40 samples):

If no other threshold crossing occurs⇒ Baseline shift.
Classify the event as a QRS complex if any of these
conditions hold (0 < j < k < ` < 40):

z[n∗ + j] < −γ
z[n∗ + j] < −γ & z[n∗ + k ] > γ

z[n∗ + j] < −γ & z[n∗ + k ] > γ & z[n∗ + `] < −γ

Additional threshold crossings⇒ Noise.
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Pan & Tompkins Algorithm: Bandpass Filter &
Differentiator (I)

Let us assume an ECG, x [n], sampled at fs = 200 Hz.
First stage: Bandpass filter from 5 to 15 Hz to
maximize the QRS energy:

Low-pass filter (cutoff at fc = 12 Hz):

y [n] = 2y [n−1]− y [n−2]+ x [n]−2x [n−6]+ x [n−12].

High-pass filter (cutoff at fc = 5 Hz):

y [n] = −y [n − 1]− x [n] + 32x [n − 16]− x [n − 32].

Second stage: Differentiation:

y [n] =
1

8Ts
(−x [n−2]−2x [n−1] +2x [n+1] + x [n+2])
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Pan & Tompkins Algorithm: Bandpass Filter &
Differentiator (II)
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Pan & Tompkins Algorithm: Squaring &
Integration

Third stage: Point by point squaring:

y [n] = (x [n])2

Ensures positive output and emphasizes higher
frequencies.
Fourth stage: Moving window integration:

y [n] =
1
N

N−1∑
k=0

x [n − k ]

The choice of N is critical:
N too large⇒ Integration merges QRS and T waves.
N too small⇒ Several peaks at the output.

N chosen s.t. the length of the window equals the
maximum length of a QRS complex: N = 30 (150 ms).
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Pan & Tompkins Algorithm: Decision Rule

Integration waveform:

When QRS complex found:

SPKI = 0.25 PEAKI + 0.75 SPKI.

Filtered waveform:

When QRS complex found:

SPKF = 0.25 PEAKF + 0.75 SPKF.
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Zong, Moody & Jiang Algorithm [WQRS]:
Block diagram & Low-Pass Filter

  Low-pass 
filter 

A Robust Open-source Algorithm to Detect Onset and Duration of QRS 
Complexes 

 
W Zong1, 2, GB Moody1, D Jiang3 

1 Harvard-MIT Division of Health Sciences and Technology, Cambridge, MA, USA 
2 Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA 

3 Institute of Biomedical Engineering, Xi’an Jiatong University, Xi’an, Shaanxi, China 

Abstract 

This paper presents a novel algorithm to detect onset 
and duration of QRS complexes. After low-pass filtering, 
the ECG signal is converted to a curve length signal by a 
transform in which a nonlinear scaling factor is 
introduced to enhance the QRS complex and to suppress 
unwanted noise. Adaptive thresholds are applied to the 
length signal to determine the onset and duration of the 
QRS complex. The algorithm was evaluated with the 
complete set of single channel ECGs (signal 0) from the 
MIT-BIH Arrhythmia Database, and achieved a gross 
QRS sensitivity of 99.65% and a gross QRS positive 
predictive accuracy of 99.77%. The QRS onset 
determination is very stable and is insensitive to QRS 
morphology change. The noise tolerance of the algorithm 
was evaluated using the MIT-BIH Noise Stress Test 
Database. The C source code for the single-channel 
algorithm has been contributed to PhysioToolkit and is 
freely available from PhysioNet (www.physionet.org). 

 
 

1. Introduction 
 
QRS detection is the first and most crucial step in 

automatic electrocardiogram (ECG) analyses such as 
arrhythmia detection and classification, ECG diagnosis, 
Holter, and heart rate variability (HRV) studies. 

Existing QRS detectors typically define the QRS 
fiducial point as the maximal slope or the peak of the R 
wave [1, 2]. The fiducial point will therefore vary with 
changes in QRS morphology associated with axis shifts 
and alterations in ventricular depolarization patterns. 
Such subtle variation may affect the accuracy in HRV 
analysis or ECG-blood pressure (BP) delay time studies 
[3]. Most existing QRS detectors do not provide a precise 
location for the beginning of the ventricular excitation, 
which is the time of interest in such studies. 

Only a few QRS detectors in the literature address the 
measurement of QRS duration [4, 5], which is a sensitive 

feature for beat classification and a useful reference for 
ST-segment measurement.  
     This article presents a robust algorithm to detect onset 
and duration of QRS complexes. The algorithm employs 
and extends the basics of the simplified curve length 
transform [6]. A nonlinear scaling factor for ECG curve 
length is introduced to enhance the QRS complex and to 
suppress other parts of ECG and unwanted noise, which 
makes the detection of QRS onset and duration from the 
ECG curve length features possible. The algorithm was 
initially developed in [7] and was recently re-
implemented. Its performance has been evaluated using 
standard databases [8, 9] and methodology [10]. The C 
source code of the algorithm has been made freely 
available via PhysioNet [11].  
 

2. Methods 
 
The algorithm consists of three components: a low-pass 

filter, nonlinearly scaled curve length transformation, and 
decision rules, as shown in figure 1.  

 
 
 
 
 

                 Figure 1.  The algorithm overview diagram 

 
The ECG signal, x(n), is the input of the low-pass filter 

which produces the filtered signal, y(n). The curve length 
transformation converts y(n) to a curve length signal, L(n). 
The decision rule is applied to L(n) to determine the time 
location of QRS onsets, t1, t2, …, and corresponding QRS 
durations, d1, d2, …. 
 

2.1. Low-pass filter 

For adult human ECG, the ideal passband for a QRS 
detector is approximately 5-15Hz [12, 13]. In the present 
algorithm, only a low-pass filter is necessary, because the 

 Curve length 
 transformation 

  Decision 
     rule 

y(n) x(n) L(n) 

ECG 
d1,d2,... 

t1,t2,… 

0276−6547/03 $17.00 © 2003 IEEE 737 Computers in Cardiology 2003;30:737−740.

Low Pass Filter: fc = 16 Hz when fs = 250 Hz.

y [n] = 2y [n−1]− y [n−2] + x [n]−2x [n−5] + x [n−10]
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Zong, Moody & Jiang Algorithm [WQRS]:
Curve length transformation

Length definition:

L(w , t) =
∫ t

t−w

√
1 +

(
dy(t)

dt

)2

dt .

Single channel:

L[M,n] =
n∑

k=n−M

√
T 2

s + (y [k ]− y [k − 1])2.

M: width of the moving window⇒ 130 ms (max. width
QRS complex: for fs = 250 Hz, M = 32.5).
Multi-channel:

L[M,n] =
n∑

k=n−M

√√√√ Q∑
q=1

T 2
s + (yq[k ]− yq[k − 1])2.
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Zong, Moody & Jiang Algorithm [WQRS]:
Decision rule

Adaptive thresholding:
Set a threshold base equal to three times the mean
value of the LT signal for the initial 10-second period.
Set actual threshold = 1/3 × threshold base.
Adapt the threshold base value based on the maximum
LT value of each detected QRS complex.

Local search strategy:
When the LT signal crosses the threshold⇒ probable QRS.
From the threshold-crossing point, tci , search backward for
125ms to get a min. value, Lmini , and forward for 125ms to get
a max. value, Lmaxi .
Obtain the difference, LAi = Lmaxk − Lmini .
From tci , search backward to find, Qbi , where the LT drops
monotonically to Lmini + LAi/100, and forward to find, Sbi ,
where the LT increases to Lmaxi − LAi/20.
Set QRS onset to Qbi − 5 and end to Sbi + 5 (i.e., ± 20 ms).
Apply a 250ms eye-closing period is applied after each
detected QRS to avoid double detections.
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Atrial Fibrillation (AF)

Family of common heart disorders characterized by fast
and uncoordinated activations in the atrium.
Epidemic nature of AF:

25 % of people > 40 will suffer AF during their lifetime.
15.9M people foreseen to suffer AF in the US by 2050
(2M in Spain).

Several causes for AF initiation and maintenance:
re-entrant spiral waves, ectopic focal beats, other
cardiac disorders, electrical remodeling, etc.
Precise role of each factor is not well known.
In ECGs: spiky signal with irregular inter-spike times
and average atrial rates of 400–600 bpm.
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Dominant Frequency (DF) Analysis (I)

Band-Pass Filter (40 – 250 Hz).
Rectification: y [n] = |x [n]|.
Low-Pass Filter (fc = 20 Hz).
Fast Fourier Transform (FFT) for Spectral Estimation:

Dominant frequency (DF): Frequency associated to
largest peak in the spectrum.
Organization index (OI).
Regularity index (RI).
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Dominant Frequency (DF) Analysis (II)

Dominant frequency (DF):

X (f ) = F{x(t)}
fD = argmaxf |X (f )|

Regularity Index (RI):

RI =
Pbw (fD)

PB
,

where Pbw (fD) is the power around fD and PB is the
power in the whole band (usually 2–15 Hz or 2–30 Hz).
Organization Index (OI):

OI =
∑K

k=1 Pbw (kfD)
PB

,

Signals only used if RI large enough (e.g., RI > 0.2).
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Dangers of DF Analysis
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