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• Typical action potential (AP) of a nerve cell (A), a skeletal muscle cell (B), and a heart muscle cell
(cardiac myocyte) (C). The three essential features of the AP are highlighted on the left of the panels.
• The time-course and length of the three action potentials are significantly different. Compared to the
2-5 ms duration of the nerve cell AP (A) the skeletal muscle cell AP is 5-10 ms in duration whereas the
duration of the cardiac AP (C) is 200-400 ms.
• Differences in AP durations and time-courses are the result of differences in the ion channels
responsible for AP formation (see below).
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A, The membrane potential (U = Em = Vm) is the difference between the electrical potential of the
electrode inserted into the cell (i), and that of the extracellular electrode (o). The cell is illustrated as
the green sphere and the intracellular electrode is inserted into the cell. The light blue recording
chamber is filled with physiological saline and the intracellular electrode is filled with concentrated KClbased saline.
B, The red curve shows the time-course of a typical cardiac myocyte action potential. The left ordinate
axis shows the membrane potential in mV and the abscissa is time in ms. Typical action potential
lengths are 200-400 ms, the AP in the figure begins with a very rapid depolarization, followed by a
plateau phase, followed by repolarization, which is completed at about 220 ms, and the resting potential
is restored. The length of the AP is ~220 ms. More details about the cardiac myocyte AP and its phases
are in the upcoming slide.
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A, The membrane potential (U = Em = Vm) is the difference between the electrical potential of the
electrode inserted into the cell (i), and that of the extracellular electrode (o). (see explanation in the
previous figure).
B, The blue curve shows the typical action potential of a cardiomyocyte. The red numbers represent the
AP phases. The green arrows represent the depolarizing cation currents (Na+, Ca2+) flowing into the cell
and the red and blue arrows represent the outward repolarizing K+ currents flowing from the cell to the
extracellular medium.
Phase 0: rapid depolarization, caused by inward Na+ current (INa), current flows through the
cardiac voltage-gated Na+ channel.
Phase 1: early repolarization (notch) phase. It is caused by an outward K+ current from the cell
that flows through voltage-gated K+ channels, while the voltage-gated Na+ channel is
inactivating.
Phase 2: The plateau phase: the membrane potential of the cells is stabilized at a depolarized
potential due to the balance of the inward Ca2+ current (flowing through voltage-gated Ca2+
channels) and the outward repolarizing K+ currents.
Phase 3: Rapid repolarization: due to the predominance of repolarizing (outward) K+ currents
cellular repolarization occurs (concomitantly voltage gated Ca2+ channels are closing/
inactivating).
Phase 4: Resting potential: K+ channels responsible for maintaining resting negative membrane
potential are open (K+ current is dominant).
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C-D: Diversity of repolarizing K+ currents. The panels show the relative contributions of these currents to
the total K+. At least six different K+ currents, and many more channels produce these currents, which
are very different in their gating and their sensitivity to ion channel blockers. For example, the Ito current
(transient outward) is generated by the K+ channel type that is rapidly activating and inactivating (Kv
4.2/Kv 4.3 channel), and the IKr (rapid delayed rectifier, relatively quickly activating channel) current is
generated by the Kv11.1 K+ channel. This latter channel type is important in the development of long QT
syndrome (see there). Other indicated currents are IKs (= slow delayed rectifier K+ current, indicating
slow activation), IK1 (inwardly rectifying, inward rectifier K+ current), IKur (K+ current showing ultra-fast
activation kinetics), Ileak: leakage K+ current. K+ currents and channels are expressed differently in each
cardiomyocyte cell type (e.g. atrial or ventricular, endo or epicardial, etc, see figure below), resulting in
APs varying over a wide range of shape and duration. This has important physiological significance,
repolarization occurs at different time intervals following the depolarization in various regions of the
myocardium. This will be important for understanding ECG (see below).
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A: The two electrodes are on the surface of resting membranes, the potential difference between the
two electrodes is zero. The + and - marks indicate the charge of the membrane surface at a given
position. The voltage meter connected between the two electrodes is represented by the black circle
and the red arrow indicates the position of the pointer. The purple curve below the model shows the
potential difference between electrodes as a function of time.
B: AP depolarization wave (red bar) reaches the left electrode, the cell surface becomes more negative
compared to the right electrode. As a result, the red arrow moves to the right, which means that the
right electrode is at more positive potential than the left one. The deflection of the pointer over time is
shown by the purple curve, the rightward deflection of the pointer is a positive deflection, thus, the
purple curve is above the dashed line.
C: The AP propagates to membrane regions between the two electrodes, both electrodes are on the
surface of the resting membrane: the left membrane region has just returned to its resting state,
whereas the AP has not reached yet the membrane under the right electrode. The purple curve shows
the decline of the potential difference between the two electrodes as a function of time.
D: The depolarization wave of AP passes through the membrane section below the right electrode.
Therefore, the right electrode is more negative than the left one. This is illustrated by the deflection of
the arrow to the left. The purple curve shows the time dependence of the deflection of the arrow.
E: As the AP moves to the right, the membrane section below the right electrode also repolarizes, so
again there is no potential difference between the two electrodes. This is indicated by the vertical
position of the red arrow and the return of the purple curve to the dashed line.
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F: Single-phase AP can be measured with an electrode inserted at a point into the axon, i.e.,
depolarization occurs at the cellular level only.
G. A so-called biphasic AP can be derived from panels A-D when electrodes are placed on the surface of
the axon. Its shape, magnitude, and the distance between the positive and negative waves are
determined by the position of the electrodes.
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In the case of large cells, such as neurons shown in the figure above, electrodes can be inserted in
different parts of the cell (e.g. electrode #1), or they can be placed close to the cell surface at different
positions (e.g. electrodes #2 and #3) and local potentials can be measured.
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A, Light microscopic image of the myocardium, please note the striated nature of the cells and cell
boundaries.
B, Cell boundaries resemble interlocking fingers. Gap junction channels are between the contacting
cells, which allow direct transmission of electrical signals from one cell to another. That is, AP spreads
from one cell to another directly without the release of a neurotransmitter. This is important for the
generation of ECG.
C: The schematic drawing shows the gap junctions and mechanical elements (desmosomes, contractile
filaments).
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A simplified, schematic model that can be used to demonstrate the formation of the ECG signal. The
cornerstones of the interpretation are:
A: myocardial cells are represented as oval-shaped objects and their color represents their functional
activity. From right to left the functional activities are the followings in different zones:
• Resting zone, blue: resting cell, excess negative charge inside (-), excess positive charge (+) outside
the cell in the extracellular medium surrounding the cell, corresponding to resting potential (see
myocardial resting potential before).
• “repolarizing” zone, red-blue/gray color, outwardly pointing arrows: repolarizing cell, neutral inside
and outside. The membrane potential is changing rapidly from the plateau potential (depolarized) to the
resting potential, and therefore, on average, the cell and its environment are neutral (no excess
charges).
• "activated (depolarized)" zone, red: depolarized cells, with excess positive charges inside and excess
negative charge outside the cell, corresponding to the plateau phase of the AP.
• “depolarizing” zone, red-blue/gray, with inward arrows: depolarizing cell, neutral inside and outside.
The membrane potential is changing rapidly from a resting potential to a peak potential, and therefore,
on average, the cell and its environment are neutral.
• Resting zone, blue: see above
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• The potential difference between the two endpoints of the model (left and right) is measured as a
function of time using two electrodes placed in the extracellular space, as indicated. In this case, there is
no potential difference, since both the left and right electrodes are in the extracellular space of resting
cardiac myocytes.
• Depolarization and repolarization spread from right to left in space and time, AP starts on the right
and moves to the left.
• The right electrode is at ground potential; the left electrode is showing the electrical potential with
respect to ground potential.
• Electrical double-layers, i.e. extracellular regions being at different electrical potentials in close
contact, are in two locations:




where cells are depolarizing (left hand side)
where cells are repolarizing (right hand side).
These electrical double layers are indicated by the yellow arrows pointing in opposite directions,
always towards the extracellular space at more positive electrical potential.

B: intra- (i) and extracellular (o) electrical potentials corresponding to the drawing in panel A
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A: Depolarization spreads from right to left (see open arrow, direction of wavefront movement, above
the graphs). The cells are modeled by oval shapes, the depolarization wave propagates from cell to cell
via gap junctions. Due to the size of the cells, one part of the cell may be depolarized and the other may
be still at resting potential.
• See previous figure for the description of the depolarized, the depolarizing, and the resting zones
• There is a potential difference between the right and left EXTRACELLULAR electrodes, the left side
being more positive than the right side. This can be imagined by forming an electrical double layer on
the contact surface of extracellular spaces at different electrical potentials. This is indicated by the
yellow arrow pointing to the left and the + and – excess charges at the interface (electrical double
layer), circled in red.
B: Repolarization spreads from right to left, from cell to cell, due to the size of the cells, one part may be
already repolarized and the other part depolarized.
• see the previous slide for the description of repolarized, repolarizing, and the depolarized zones
• There is a potential difference between the right and left EXTRACELLULAR electrodes, the right side
being more positive than the left side. This can be imagined by forming an electrical double layer on the
contact surface of extracellular spaces at different electrical potentials in contact with one another. This
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is indicated by the yellow arrow pointing to the right and the + and - excess charges at the interface
(electrical double layer), circled in red.
As the depolarization and the repolarization wavefronts move, electric double layers of opposite polarity
are formed. They can be replaced by a vector, called the integral vector, labeled with yellow arrows in
the upcoming slides below.
C-D: shows the extracellular (o) and intracellular (i) electrical potentials corresponding to panels A
and B. The intracellular potential measured relative to ground potential is the membrane potential (Vm).
It is worth noting that the width of the depolarizing zone is much smaller (1 mm) than that of the
repolarizing zone (100 mm), among other reasons, this is why the amplitude of the repolarization wave
on the ECG will be smaller than that of the depolarization wave.
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Location of the heart within the thoracic cavity. Highlights:
• Atria on the top-right, behind sternum
• Ventricles on bottom-left, the apex of the heart is between ribs 5. and 6.
• The posterior / basal surface of the heart lays on the diaphragm
• Heart anatomical axis is from top right to bottom left (normal).
• The anatomical location of the heart limits the propagation directions of the depolarization and
repolarization wavefronts. If, for example, the position of the heart changes due to abnormal leanness
(apex of the heart turning towards the sternum) or abnormal obesity or in advanced pregnancy (apex of
the heart pointing towards the armpit), this causes detectable changes on the ECG.
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• The sinus node (sinoatrial node) is located in the upper part of the right atrium, near the top junction
with the superior vena cava (note that the right and left sides are mirrored, as you see the heart from
front view). It is an autonomous pacemaker center, at 70 / min frequency, APs are generated in
specialized muscle cells. APs are directly transmitted to atrial myocytes through gap junctions.
• In the atria, the direction of propagation of the AP is thus from top right to bottom left
• A-V node: atrioventricular node, specialized muscle cells, autonomous pacemaker center, generating
APs at 50 / min frequency. Normally, the action potentials coming from the sinoatrial node "override"
the A-V node's own pacemaker activity.
• Bundle of His, bundle branches (Tawara branches), Purkinje fibers: specialized muscle cells for the
conduction of APs.
• The pacemaker and electrical conduction system ensure that the excitation of each area of the heart is
well coordinated in time and space, that is, there is a time-dependent propagation of the
depolarization wavefront, this is that we are to follow using ECG.
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A: The placement of the ECG electrodes on the body, their electrical potential, the interpretation of
leads, and the meaning of the electrodes and their position in the Einthoven’s triangle. The integral
vector (defined in pages 13-14) is represented by the yellow arrow. The electrodes serve to measure
the projection of the integral vector on each side of the Einthoven’s triangle as a function of time, these
projections are named as Lead I, Lead II and Lead III.
The green arrows show the location of each electrode on the body:
• LL: left leg (mounted on the ankle)
• RA: right arm (mounted on the wrist)
• LA: left arm (mounted on the wrist)
The electrodes are located, from the point of the electrical signal, at the vertices of an imaginary
equilateral triangle, the Einthoven triangle (dark blue line).
The polarity of the electrodes:
• Lead I: left arm (LA): +; right arm (RA): 
• Lead II: left leg (LL): +; right arm (RA): 
• Lead III left leg (LL): +; left arm (LA): 
• The LL electrode is always positive, the RA electrode is always negative, and the LA electrode is
positive in Lead I. and negative in lead III.
Electrical potential of each electrode ():
 LA: L
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 RA: R
 LL: F
The signal measured in each lead: potential difference between two electrodes= BIPOLAR lead
• Lead I:
VI =L-R,
• Lead II:
VII =F-R
• Lead III:
VIII =F-L
Defining the projection of the integral vector:
• pairs of red dashed lines are aligned perpendicular to each side of the triangle from the
start and end points of the integral vector, i.e., this is called as the perpendicular projection
of the integral vector on each side of the triangle.
• The lengths of the projections give the amplitudes of the ECG waves at a given moment in
all three leads
• The projection direction (i.e. the direction of the projection arrowhead) indicates if the
projection appears as positive or negative waves on the ECG.
• if the projection arrowhead points to the + electrode then a positive wave is obtained, if it
points in the opposite direction (i.e. towards the – electrode), a negative deflection is
obtained on the ECG
• The magnitudes of the projections of the integral vector are different in leads I., II. and III.
The relation between these is: II = I + III (Einthoven-Waller rule), where Roman numbers
indicate the magnitude of the projection in each lead.
B: Typical picture of bipolar ECG in Lead I, which is the potential difference (mV) between left arm
(LA) and right arm (RA) electrodes as a function of time. Each wave is characteristic of a phase of the
electrical activity of the heart. The R wave, representing ventricular depolarization, is the most
prominent one. Panel B shows that the integral vector has its largest projection in Lead I. during
ventricular depolarization, conforming to a large R wave in Lead I. The size of the R wave varies from
lead to lead depending on the axis of the heart (see below).
The dashed line represents the isoelectric line, there is no propagating depolarizing (or repolarizing)
wavefront in the heart.
Panel A of the figure shows the integral vector (yellow arrow) at the moment of the ventricular
depolarization. The projection of the integral vector points to the LA electrode in Lead I. which is
the positive electrode in this bipolar lead. Because of this, the R wave in Lead I appears as a positive
wave on the ECG.
The meaning of each wave and section is discussed in detail later in physiology and clinical
physiology. These are briefly:
P wave: atrial depolarization
QRS complex: ventricular depolarization
T wave: ventricular repolarization

18

A

C

B

D

A: Schematic, simplified representation of the electrical state of myocardial cells during atrial
depolarization (80 ms after the pacemaking in the sinoatrial node)
•
•
•

The region with resting myocytes is represented in blue whereas depolarized areas are in red
The polarization of the electric double layer is visible at the interface between the two areas,
the depolarized part is extracellularly negative (see previous figures)
The electric field generated due to charge separation (electric double layer) is represented by
the integral vector shown in yellow.

B: The integral vector is moved to the Einthoven triangle to determine its projections. The blue arrows
indicate the polarity of each lead - the tip of each arrow points toward the positive electrode.
The black lines adjacent to the sides of the triangle indicate the P wave formation during the first 80 ms.
The amplitude of the P wave at this time point is the smallest in Lead III. but positive in all leads.
The green dashed line shows the path of the tip of the integral vector over time.
C: At the beginning of ventricular depolarization, the integral vector points from left to right because
the left surface of the septum separating the two ventricles is depolarized earlier than the right surface
(see red surface on the left vs. blue surface on the right of the septum). The direction of propagation of
the depolarizing wavefront is determined by the properties of the cardiomyocytes and those of the
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conduction system. Consequently, these factors determine where the integral vector is pointing at a
given time point.
D: The projection of the integral vector in Lead III is positive whereas the projections are negative in
Leads I and II It is important to note here that depolarization is still occurring at the cellular level, but
due to the propagation direction of the depolarization wavefront we get negative deflections (“Q wave”)
in Leads I and II (see black lines adjacent to the sides of the triangle). This clearly shows that we do not
measure the action potential of individual cells, but rather, the consequence of the propagation of
action potentials.
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A, C: Schematic, simplified representation of the electrical state of myocardial cells during the
depolarization of the cardiac apex (A) and left ventricle (C) (230 and 240 ms after pacemaking in the
sinoatrial node). The meaning of the colors and the integral vector (yellow arrow) as well as the electric
double layer are detailed in the previous figure.
B, D: construction of the projections of integral vector during different phases of ventricular
depolarization. The black lines adjacent to the sides of the triangle show the ECG wave in each lead.
Positive waves are obtained in all three leads Figure B, whereas positive waves are measured in Leads I
and II in Figure D. The projection of the integral vector is negative in Lead III of Fig. D.: arrowhead of the
projection vector points toward the negative LA electrode. Consequently, a negative wave (“S wave”) is
obtained on the ECG (black lines adjacent to the tringle).
The green dashed line shows the path of the tip of the integral vector over time.
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A, C: Schematic, simplified representation of the electrical state of myocardial cells during depolarization
of the surface of the left ventricle (A) or at the completion of left ventricular depolarization (D). The
meaning of the colors and the integral vector (yellow arrow) as well as the electric double layer are
detailed in the previous figures.
B: construction of the projections of integral vector during final phase of ventricular depolarization. The
black lines adjacent to the triangle indicate the ECG curves in each lead.
D: After completion of ventricular depolarization, there is no propagation of a depolarization wavefront,
there is no integral vector, consequently, the ECG curve is isoelectric. Ventricular myocytes are
depolarized, they are in the phase 2 of the AP, the plateau phase.
The green dashed line shows the path of the tip of the integral vector over time.
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A, Schematic, simplified representation of the electrical state of myocardial cells during repolarization of
the surface of the left ventricle. The ventricular repolarization wave propagates in the opposite
direction to the depolarization wave, repolarization begins where depolarization ends, on the left
ventricular surface. Therefore, the integral vector points in the same direction as in the last phase of
ventricular depolarization (see previous figure). (Repolarization of cardiomyocytes is electrically exactly
the opposite process to depolarization, which should result in an opposite deflection of the ECG trace
compared to the one measured in during depolarization, i.e., a negative T wave is anticipated
theoretically- see theoretical introduction. This prediction is valid if repolarization wave propagates in
the same direction as the depolarization wave. However, the repolarization wave propagates in the
opposite direction to the depolarization wave, so that the T wave becomes positive. This is shown in
panel B for Leads I. and II. The cardiomyocytes that depolarized the last will repolarize first, they have
shorter AP duration than other cardiomyocytes),
C-D: ventricles are repolarized, no propagating electrical activity, ECG is isoelectric.
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The previous figures show how to derive the potential differences in each lead from the known integral
vector. In reality, we do exactly the opposite, we measure the ECG signal in each lead and construct the
integral vector from them.
To the right of the figure, panel A shows the R waves measured in each lead. The amplitudes of these
are determined, and arrows with these amplitudes are plotted on the corresponding sides of the
equilateral triangle in panel B. For positive waves the arrowheads point toward the positive
electrodes. The intersection of the perpendiculars drawn from the endpoints of the arrows to the
sides of the triangle gives the integral vector. The direction of this integral vector is said to be normal, it
forms approx. 60o angle with the horizontal.
Panels B-C: R waves characteristic of right axis shift: The R wave is negative in Lead I. Therefore, the
arrow corresponding to the amplitude of the R wave in Lead I is measured on the top side of the triangle
with its arrowhead pointing toward the negative (RA) electrode. The constructed integral vector (D)
encloses an angle of approximately 120o with the horizontal.
Panels E-F: characteristic of left axis shift. The R wave is negative in Lead III. Therefore, the arrow
corresponding to the amplitude of the R wave in Lead III is measured on the right side of the triangle
with its arrowhead pointing toward the negative (LA) electrode. The constructed integral vector (F)
encloses an angle of approximately 0o with the horizontal.
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Technically, the integral vector is reconstituted using two leads, as shown in panel G. Since two leads
determine the third one (Eitnhoven Rule) the integral vector can be determined using two leads. The
two largest R waves are (in this record) in lead I (RI) and lead II (RII ) . Their amplitudes (represented by
the vertical red arrows) are determined with respect to the light green dashed isoelectric lines. The
imaginary Einthoven’s triangle is drawn (panel G, bottom). Starting from the left vertex of the triangle
we draw the RI and RII R wave amplitudes onto the corresponding sides of the triangle (RI is drawn on
the upper side, whereas RII is drawn on the left side, orange arrows show the imaginary transfer of the R
waves onto the triangle. We use the top left vertex as origin). From the tip of the arrows, we erect
perpendicular lines on to the corresponding edges of the triangle (red, dashed lines) and the
intersection of the perpendicular lines will give the tip of the integral vector (yellow). The integral vector
starts from the vertex of the triangle and ends in the intersection of the perpendicular lines.
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A graphical method that can be used to monitor the propagation of ventricular depolarization
wavefront. In this representation, the sides of the Einthoven triangle are brought to one point. (This is
done using parallel translation of the sides of the triangle. The lines representing the sides are
intersected at one point. Lines denoted I, II and III correspond to the three leads with polarity marks).
If the integral vector is known: The starting point of the integral vector is placed at the intersection of
the three lines and the projection on each side can be determined using perpendicular dashed lines.
If the amplitudes of the waves in each of the leads are known, then the reconstruction of the integral
vector is as follows: arrows corresponding to the amplitudes are measured from the intersection of the
lines and perpendicular lines are raised from the arrowheads. The intersection of the dashed red lines
gives the magnitude and direction of the integral vector. From this representation, the position of the
integral vector and the axis of the heart is easily determined.
A-E: Construction of the integral vector at five different time points. The magnitude of the deflections
measured in each lead is indicated by the red solid circles at various time points. Panels A-E show a total
of 5 moments in each lead and the construction of the integral vector at these moments (time points).
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Unipolar lead means that the electrical potential of each electrode is compared to the electrical
potential of a so-called central terminal (CT), denoted as CT. The CT is constructed by connecting the
electrodes through high resistors (5k) as shown in the figure.
Equation (1): The currents from each electrode to CT (IR, IL and IF) are calculated using the potential of
each electrode and that of CT, according to Ohm’s law (e.g. IR = (CT -R)/5000). For IR, IL and IF currents
we apply Kirchhoff's junction rule, the sum of these currents should be 0.
Equation (2): Equation (1) is reordered to express CT
Equation (3): Voltage measured in the unipolar lead at the electrode placed on the foot: VF = F CT,
substituting the expression obtained for CT in eq. 2 and finding the common denominator results in the
final form of the equation.
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In Goldberger leads, the electrical potential of the electrode placed on the limb (F, electrical potential
of the foot electrode, for example) is compared to a central terminal (CTaVF), which is created by
connecting the other two electrodes via 5k resistors as shown in the figure (to obtain CTaVF R and L
electrodes connected, see middle panel).
According to the derivation in the previous figure the calculation for CTaVF results in
CTaVF= (R + L)/2.
The voltage measured in the aVF lead is: VaVF= F-CTaVF.. Substituting the expression obtained for CTaVF
we obtain equation (1).
The comparison of the expressions obtained for unipolar leads of VF in the previous figure (here
equation (2)) and aVF in equation (1) shows that the numerators are the same, the denominator is 3 for
VF and 2 for aVF. This is why VaVF>VF, and consequently, the lead is called Goldberger augmented lead.
Goldberger leads can be constructed for each limb electrode (and in practice we do), the instrument
must provide reference points CTaVF, CTaVL, and CTaVR by connecting the appropriate electrodes as
shown in the individual panels in the figure.
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[supplementary material]
We have considered in the previous figures the integral vector as if it was located in the plane of the
Einthoven triangle and the plane projections had to be determined only. In reality, the integral vector is
a spatial vector, having 3D coordinates, in accordance with the current position and size of the heart
and the characteristics of the conduction system. Consequently the 3-D mapping of the integral vector
requires leads representing three directions of space. One possible solution is to place bipolar
electrodes in the main body directions. This is shown in panel A (Waller orthogonal mapping).
B: Holmann cathode ray oscilloscope imaging. This is actually a representation of the temporal variation
of the projection of the integral vector from the limb leads to the frontal plane only (i.e., only one
dimension). The principle of the representation: an electron beam can be deflected as it passes between
charged plates, the deflection being dependent on the charge of the plates. The three pairs of plates are
positioned at an angle of 120o with respect to each other. The deflection of the electron beams on plate
pairs PI, PII and PIII depends on the electrical potential differences VI, VII and VIII measured in leads I, II and
III, respectively. It is worth following the way the individual electrodes lead to the plates, just as the
Einthoven triangle interprets the individual leads. The display screen shows the "path" traveled by the
tip of the integral vector over time.

29

The figure shows various representations of the brain's electrical activity (not discussed here). To the
right of the figure, the main differences between the EEG and the ECG are summarized.
Conditions for obtaining typical ECG waves:
• Spatial and temporal synchronization: individual cardiomyocytes are not depolarized independently,
but rather closely controlled by the pacemaker and electrical conduction system of the heart.
• The excitation wave propagates in a well-defined direction.
If cardiomyocytes escape the control of the pacing and electrical conduction system, e.g. an abnormally
excitable region of the heart initiates uncontrolled waves of depolarization, then the characteristic ECG
waves disappear even though individual cardiomyocytes continue to depolarize / repolarize
(synchronization and preferential direction of propagation is missing). The resulting ECG is no longer
recognizable with characteristic waves, such condition is in the ECG of ventricular fibrillation
(https://en.wikipedia.org/wiki/Ventricular_fibrillation)
• The absence of the two conditions above and the insulating effect of the bony skull contribute to the
significant difference between the shape and magnitude of the EEG signal (~V) and that of the ECG
signal (~mV).
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EEG Electrode Placement: Consistent and conventional placement of a large number of electrodes is
ensured by placing the electrodes in a "cap" that can be applied to the head with a simple movement.
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The EEG waves can be classified based on their frequency, the figure shows the characteristic frequency
ranges of , , , and  waves. Signal shapes are variable, periodicity is difficult to recognize, and no
characteristic waveform exists. Each wave type can be assigned to certain activities, e.g.  waves can be
recorded in children and sleeping adults, whereas  waves are in newborns and sleeping adults. Some
wave types are specific to certain brain areas:  waves are in frontal and parietal leads, and  waves are
recorded in occipitally.
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The EEG waves can be classified according to their frequency and can be assigned to different activities,
as shown in the figure. It should be noted that the scale bar for EEG waves is in V (as opposed to
millivolts of ECG).
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Among the small amplitude deflections some leads show increased displacements in the signal (in
boxes) corresponding to the activity of epileptic foci. An epileptic focus is characterized by a high degree
of nerve cell synchronization, which results in greater amplitude displacements at the electrodes near
the focus (multiple neurons are firing synchronously, the electrical activities of single neurons are
cumulated).
Each trace is obtained as the electrical potential difference between the electrodes shown to the left of
the traces (e.g. the top trace is the potential difference between electrodes 6 and 7). The physical
location of the electrodes in the "cap" are superimposed on a schematic cap as small circles. The
“spikes” point to the traces which were obtained using the two electrodes at the origin of the spikes.
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The same information as in the previous figure. The physical location of the two electrodes in the "cap"
used to obtain a given trace is indicated by lines leading from the EEG trace to the circles on the surface
of the schematic cap.
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