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Abstract: The aim of this article is to provide an over-
view of current debate on the monophasic action poten-
tial (MAP) recording technique, specifically whether the
depolarizing or the reference electrode is responsible for
recording the MAP waveform. A literature search was
made using key words including monophasic action
potential, MAP, electrophysiological basis, recording elec-
trode, depolarizing electrode, contact electrode, indiffer-
ent electrode, and reference electrode. References from
articles were screened for additional relevant papers.
Articles published by the different experimental groups
claim that depolarizing electrode, but not reference elec-
trode, records MAPs from the myocardium. This can be
more accurately described when considering biophysi-
cal theory, which states that MAP is a bipolar signal with
contributions from not only the depolarizing electrode but
also remote activation at the reference electrode. It is not
meaningful to claim that one is the recording electrode
because potential differences must be measured between
two points in space. Nevertheless, the MAP technique
is useful for assessing the local electrical activity of the
myocardium in contact with the depolarizing electrode. It
is important to have the recording electrode in close prox-
imity with the reference electrode to minimize contamina-
tion from far-field signals.
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Introduction

In clinical cardiac electrophysiology, there are two main
methods for obtaining electrical recordings from the heart:
monophasic action potential (MAP) and electrogram
recordings, which include bipolar electrograms (BEGs)
and surface electrocardiograms (ECGs). Of these, the MAP
technique has been the most controversial regarding the
genesis of its waveforms. This review aims to provide an
introduction to MAP recordings and summarize current
understanding on its underlying biophysics.

History of MAP recordings

MAPs are extracellular recordings that reflect the time
courses of transmembrane action potentials with a high-
fidelity correlation [1-4] (Figure 1, reproduced from Moore
and Franz, with permission [4]). The first MAP was obtained
from experiments that recorded the potentials generated by
frog hearts using suction electrodes [5, 6]. These authors
placed an electrode on the epicardial surface and another
at an injury site, which was produced by cutting into the
myocardium. Transitory monophasic potentials with only
one polarity were recorded. Before this, multiphasic poten-
tials with both positive and negative polarities had been
recorded by electrodes. It was believed that monophasic
potentials could only be recorded by tissue injury, and the
resulting currents were therefore termed monophasic injury
currents [7]. The waveform of the MAPs they recorded was
very similar to that of the transmembrane action potentials
recorded using intracellular microelectrodes [8].

Later, the suction electrode technique was devel-
oped [9] and subsequently used to record MAPs from the
ventricular endocardium in situ [10]. This permitted meas-
urement of MAPs without requiring specific injury, as a
lesion was already produced by the suction electrode. This
technique was later improved and refined and extended to
record MAPs from the atrium [11-13]. An alternative tech-
nique involved injection of potassium to inactivate the
myocardium, which created tissue injury that resulted in
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Figure 1: Simultaneous recordings of intracellular transmembrane
action potential (TAP) and extracellular monophasic action potential
(MAP) show high-fidelity correlation.

Repolarization is labeled at 30%, 60%, and 90% of the return from
plateau to resting potential. Open arrow shows 0% repolarization.
The distal tip records the MAP waveform, while the close proximal
electrode (5 mm from the tip) eliminates far-field potential. Pacing
electrodes are positioned orthogonally between tip and reference
MAP electrodes. Figure and figure legend reproduced with permis-
sion from Moore and Franz [4].

the recording of MAPs [14]. This method provides similar
information to the contact method described below [15].

The contact electrode technique was the first non-
traumatic method that allowed the recording of MAPs, and
its use simply involved pressing the electrode against the
surface of the toad ventricular epicardium [16]. This was
later adapted for use in clinical practice to obtain MAPs
from both the epicardium and endocardium of human
hearts [17, 18], with catheters and probes developed later
[19]. In clinical electrophysiological studies, the stimulating
and recording electrodes are combined in a single catheter,
whereas in experimental animal models, the electrodes are
physically separated on opposite sides of the heart [20]. An
advantage of the contact method over the suction method is
that it produces little myocardial injury, meaning that MAPs
remain stable and can be recorded over several hours.
This would in turn allow the electrophysiologist to assess
the effects of anti-arrhythmic agents or basic cycle length
changes on local myocardial depolarization and repolariza-
tion over an extended period of time [18].

Franz’s contact MAP method

Traditionally, the explanation of the MAP waveforms
offered by Franz is as follows [21]. When the MAP
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electrode is pressed against the myocardium, it causes
depolarization in the group of cells under the electrode
to —20 mV, with respect to the extracellular reference
potential. The sodium channels are inactivated at these
depolarized potentials. These cells are therefore unex-
citable and cannot participate in the depolarization
and repolarization processes that occur in the adjacent,
normal myocardium. The potential of the depolarized
cells is clamped at 20 mV, whereas that of the adjacent
normal cells can vary. An electrical gradient is estab-
lished between the normal and depolarized myocardium,
producing a local current flow. In the resting state, this
gradient results in a source current emerging from the
normal cells and a sink current arriving at the depolar-
ized cells. This sink current produces a negative electri-
cal field that is proportional to the current amplitude,
which depends on the voltage gradient and the number
of cells contributing to the interface between the depo-
larized cells and normal cells. When the myocardium
is activated, normal cells undergo depolarization, with
the membrane potential reaching +30 mV. In contrast,
the already depolarized cells under the MAP electrode
remain refractory and have a potential of -20 mV. This
means the previous current sink is now the current
source, producing an electric field of opposite polarity.
Thus, the MAP recording reflects the time course of the
voltage of the normal cells that surround the volume of
cells depolarized by the pressure of the contact elec-
trode. Taken together, both the depolarized cells with a
clamped membrane potential and the adjacent normal
and active cells contribute to the genesis of the MAP.

Controversies and bringing it all
together

There has been an ongoing heated debate regarding the
genesis of the MAP. The main controversy is whether
the electrode in contact with the injured (depolarized)
myocardium, or the electrode in contact with uninjured
myocardium, is the recording electrode [1, 18]. On the one
hand, Schaefer argued that MAPs can only be obtained
when there is an injury present, and therefore, the elec-
trode in contact with the injured myocardium is the record-
ing electrode [22, 23]. On the other hand, others contended
that injured cells are electrically inactive and, therefore,
the signals recorded must originate from the uninjured
cells [24-26]. Now, it has been shown that both the injured
and the normal cells contribute to the genesis of MAPs, as
discussed below [27].

Brought to you by | University of Hong Kong Libraries
Authenticated
Download Date | 2/28/17 3:36 AM



DE GRUYTER

Based on the experiments performed on frog hearts
using the suction method, Schiitz hypothesized that the
MAP recorded the voltage drop between the electrode in
contact with the injured myocardium and the electrode
in contact with the uninjured myocardium and that there
is a flow of leak current between the two sites [7, 9]. In
such a scheme, MAP results from a voltage source with
the voltage generators in parallel. In addition, the extra-
cellular resistance is proportional to the MAP amplitude.
Thus, if the extracellular resistance increases, which
occurs when the surface of the heart is dried, then the
MAP amplitude is increased. This was indeed observed.
Short-circuiting between the injured myocardium and the
extracellular space is assumed to be minimal by a tight
seal between the recording electrode and the surrounding
myocardial tissue.

However, Franz showed that Schultz’s hypothesis
only applied to MAPs recorded using the suction electrode
method but not those recorded using the contact method
[27]. Instead, he proposed that the contact electrode MAP
results from a current source and is governed by volume
conductor theory with voltage generators in series, for
the following reasons. Firstly, in clinical practice, the
contact electrode obtains endocardial MAPs while being
surrounded by blood in the chamber cavity and has no
tight seal surrounding the tissue, suggesting that extra-
cellular resistance did not influence the MAP amplitude.
Secondly, the number of cells (voltage generators) con-
tributing to the MAP appears to be important because
increased pressure between the tip electrode and the
myocardium increases the MAP amplitude [18]. Finally,
MAPs have greater amplitudes when they are recorded
from the ventricular myocardium than those from the
atrial myocardium, or when recorded from larger hearts
compared to smaller hearts. This suggests that the thick-
ness of the myocardial wall beneath the tip electrode is an
important determinant of MAP amplitude.

Antzelevitch’s group proposed an alternative hypoth-
esis stating that the depolarizing electrode acts as a sta-
tionary ground and the recording electrode is the distant,
indifferent electrode with a wide field of view [28, 29].
Other investigators pointed out that the contact and indif-
ferent electrodes were placed on the same piece of ventric-
ular myocardium and that the MAP waveforms recorded
were in fact not MAPs but hybrid signals with the MAP
waveform originating from the contact electrode with
superimposition of the repolarizing T-wave from the uni-
polar electrogram [30, 31].

Potential differences measured between two sites are
independent of the paths taken. As previously pointed out
by Vigmond but largely overlooked by the experimental
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groups, Antzelevitch simply followed the intracellular
core conductor route, whereas Franz took the extracel-
lular route [32]. Nevertheless, the answer as to which is
the recording electrode was resolved experimentally in
2006 [33]. When the depolarizing electrode was placed
on the myocardium, local activation was recorded with a
superimposed electrogram due to remote activation from
the reference electrode [33]. When the depolarizing elec-
trode was placed on the atrium in a dog with AV block,
the MAP recorded was an atrial MAP, which was distinct
from the ventricular electrogram. Similar findings were
observed in separate experiments conducted by Zhang
and Mazgalev [34].

Practical considerations and
limitations

Clearly, MAP recordings are extracellular potentials
obtained from groups of cells, but they closely track the
time courses of the transcellular action potential obtained
from single cells with a good fidelity. The MAP technique
has been extensively used in a clinical setting and experi-
mentally for examining arrhythmic behavior using animal
systems. Figure 2 illustrates an experimental rig that has
been used to investigate electrophysiological properties in
mouse hearts. The stimulating and recording electrodes
are on opposite sides of the heart, which was secured to
the apparatus using a micro-aneurysm clip. Here, oxygen-
ated perfusing solution was delivered to the aorta through
the cannula at a constant flow rate in the Langendorff-
perfusion mode. Using this experimental system, stable
MAP recordings can be obtained from different epicardial
sites over a prolonged period of time. Note that in mice,
MAP waveforms are triangular and without a plateau
phase found in humans (Figure 3). This MAP technique
is sufficiently sensitive to detect alterations in conduc-
tion velocity (CV), action potential duration (APD), and

Cannula

Micro-aneurysm

clip
Recording
Stimulating electrode
electrode

Figure 2: An experimental rig used for investigating electrophysi-
ological properties in Langendorff-perfused mouse hearts.
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Figure 3: Examples of atrial (top) and ventricular (bottom) mono-
phasic action potential recordings obtained from mouse hearts.

effective refractory period (ERP) with high reproducibil-
ity [20, 35]. Moreover, the recording of MAP waveforms in
conjunction with using a number of different stimulation
protocols, such as extrasystolic and dynamic pacing, has
further improved our understanding of cardiac dynamics,
particularly how repolarization alternans leads to wave-
break and re-entrant arrhythmias [36—41]. For example,
restitution-dependent and restitution-independent mech-
anisms for the production of the alternans can be exam-
ined [42-45].

However, there are several limitations of the MAP
method that we must bear in mind when interpreting MAP
data. The absolute amplitude of the action potential or the
maximum upstroke velocity (V__ ) cannot be determined,
but information from relative changes is helpful because
decreasing amplitude would reflect impairment of sodium
channel function [45]. The baseline amplitude of the MAP
is unknown, but it will always be less than that of the
cellular action potential, because the peak is smoothed
by averaging the potentials, as pointed out previously
[46]. Early after-depolarization (EAD) events have been
recorded by MAP electrodes [47, 48], but movement arti-
facts can also generate EAD-like activity [15, 21]. Further-
more, an initial hyperpolarizing notch can be observed
immediately before the upstroke of a MAP, which can be
related to the depth of the tissue [46]. A second notch,
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occurring after the end of depolarization, has erroneously
been attributed to the transient outward current (I, ) when
in fact, it represents an intrinsic deflection that could be
observed in surface electrogram recordings before contact
pressure is applied [21]. Another disadvantage of the MAP
method is the relatively localized area that is covered
by the recording electrode. Novel methods such as
non-contact mapping reconstructs signals from unipolar
electrograms over a wide area and therefore allows global
view of repolarization characteristics over the entire endo-
cardial surface in a clinical setting [49]. Moreover, because
of the size of the MAP electrode relative to the small size
of mouse hearts, it is difficult to obtain and detect differ-
ences in depolarization or repolarization properties of
neighboring regions. In this case, optical mapping using
a microelectrode array would be a better technique [50].
Furthermore, the MAP electrode would cover the entire
mouse atrial surface for studying atrial electrophysiologi-
cal properties, but MAPs have been successfully recorded
from the mouse atria [51]. Other methods such as bipolar
electrograms can also be used to determine repolarization
properties [51, 52].

Some questions on the MAP technique need to be
clarified. Firstly, gap junction uncoupling is predicted to
decrease both MAP amplitude and V___[53]. Based on Vig-
mond’s theory, abolition of intercellular communication
by complete uncoupling of gap junctions should abolish
MAP recordings [46]. It is unclear as to the minimum
degree of intercellular coupling needed for obtaining
MAP recordings and the effects of impaired gap junction
function on the MAP waveform. Experimental studies in
mouse hearts have demonstrated stable MAP recordings
obtained from myocardium when gap junctions were
uncoupled by the agent heptanol at a concentration of
0.1 mM [20, 35, 51]. At a higher concentration of 2 mM,
conduction velocity was progressively reduced and MAP
amplitudes were decreased, eventually leading to conduc-
tion block and abolition of the MAP waveform. However, it
is unclear whether this reflected dose-dependent uncou-
pling of gap junctions or additional inhibition of sodium
channels. Secondly, Franz’s theory states that the region
under the contact electrode contributes actively by acting
as either a current source or sink [21], yet theoretical work
argued that the myocardium beneath the depolarizing
electrode does not produce a net current [46]. Readers
who are interested in the biophysical theory underlying
MAP recordings should be directed to excellent review
articles here [32, 46].

In summary, MAP is a bipolar signal with contribu-
tions from not only the depolarizing electrode but also
remote activation at the reference electrode [32]. This
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highlights the importance of having both the depolar-
izing and reference electrode in close proximity to each
other. This is crucial in arrhythmogenic conditions such
as Long QT and Brugada syndromes, where there are
regional differences in depolarization and repolarization
properties [44].
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