
Figure 3. Demonstration of intraoperative epicardial mapping.
The electrode array placed between the pulmonary veins in the oblique sinus (top) and on the right atrial 
wall (bottom) during recording of epicardial electrograms.
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Mapping technique
The mapping array consists of an electroless nickel immersion gold (ENIG) plated elec-
trode array, mounted on a thin, flexible DuPont™ Pyralux® copper-clad (25 μm thickness) 
polyimide laminate, and coverlay composite (25 μm) film (0.18 mm), manufactured by GS 
Swiss PCB AG, Küssnacht, Switzerland. Sterilization is performed by the local sterilization 
unit before use in the operation room. The sterilized array is connected to 3 meters long, 
shielded flat cables delivered to the surgeon in a sterile sack. The flat cables are connected 
to a battery-driven, custom computerized mapping system which is connected to a laptop 
computer. Custom-made software visualizes real-time atrial electrograms recorded at all 
192 electrodes to secure atrial recordings with good electrogram quality. Three channels 
are designated to display the surface ECG, reference signal and a calibration signal of 1 
mV amplitude and 1000 ms pulse width. Five seconds of sinus rhythm and 10 seconds of 
AF are recorded at every mapping site. All recordings are amplified (gain 1000), filtered 
(bandwidth 0.5-400 Hz), sampled (1 KHz) and analogue to digital converted (16 bits) and 
automatically stored on hard disk as E01-files labelled with the atrial rhythm, mapping site 
and patient identification code. Analysis will be performed offline as previously described.1

Figure 4. Mapping scheme demonstrating positions of the 192-electrode array on a 3D model.
The left and right atrium are covered by 4 positions each, to reach Bachmann’s bundle the array is placed 
within the transverse sinus between the aorta and pulmonary artery.
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Figure 5. Mapping of induced (A) vs longstanding persistent atrial fibrillation (B).
Intra-atrial variation in various electrophysiological parameters measured during 10 s of AF, including dom-
inant frequency (blue: <6 Hz, white: 6-7 Hz, red: >7 Hz), number of fibrillation waves (blue: <2 cm2/s, white: 
3-4 cm2/s, red: >3 cm2/s), number of focal waves (blue: <1 cm2/s, white: 1-4 cm2/s, red: >4 cm2/s), irregularity 
(blue: <20 ms, white: 20-50 ms, red: >50 ms), conduction velocity (blue: ≥70 cm/s, white: 51-69 cm/s, red: 
≤50 cm/s), incidence of slow conduction and block (red: >25%, white: 6-25%, blue: ≤6%). See text for further 
description.
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Discussion

Previous AF mapping studies during surgery did not cover the entire surface of both atria, 
used low-resolution arrays or recordings of short durations.2,3 Our mapping approach is the 
first high-resolution, multi-site mapping approach. It consists of a fixed mapping scheme 
with a 192-electrode mapping array, which results in a minimum of 1728 recording sites. 
The mapping array covers large areas of atrial tissue at each position resulting in a short 
all-over procedure time of 9 minutes without increasing cardiopulmonary bypass time. 
Unfortunately, high-resolution multi-site mapping is not performed simultaneously as 
this is technically not yet possible. However, with the reference signal from the right atrial 
free wall we are able to construct a timeline between the different recordings and create 
an overall conduction map during sinus rhythm. This map can also demonstrate the pos-
sible overlap between recording sites. During AF, the reference signal obtains information 
about the changes in AF cycle length in order to assess the consistency of the arrhythmia. 
Previously, the indifferent electrode was fixed to the sternum, however, electrogram qual-
ity improved when the indifferent electrode was fixed to subcutaneous tissue. Mapping 
studies were only performed in patients undergoing elective cardiac surgery for the first 
time as mapping is technically unfeasible with prior cardiac surgery or pericardiocentesis 
due to pericardial scarring limiting access to atrial sites.

An advantage of epicardial mapping is that some potential arrhythmogenic structures 
such as Bachmann’s bundle can only be reached from the epicardial site and not from the 
endocardium. However, the interatrial septum cannot be mapped using a closed beating 
heart approach and the electrode array does not cover the myocardial sleeves within the 
pulmonary veins. In recent mapping studies of AF we introduced a so-called ‘wavemap-
ping’ technique to classify and quantify electrophysiological properties of fibrillation 
waves.1,4 This unique mapping approach makes it possible to study features of AF both 
in the spatial domain, like focal fibrillation waves or areas of conduction block, and the 
temporal domain, like irregularity of fibrillation intervals.

As an example, intra-atrial variation of various electrophysiological parameters, assessed 
during 10 s of induced AF in a patient with coronary artery disease is summarized in Figure 
5A. Using specific cut-off values, every quadrant was depicted as blue (low), white (inter-
mediate) or red (high). The dominant frequency was 6.1 Hz and ranged from 4.5 to 9.2 
Hz. The number of fibrillation and epicardial focal waves was on average respectively 2.3/
cm2/s and 2.1/cm2/s, varying between 1.5 to 4.4/cm2/s and 0.1 to 5.9/cm2/s. The averaged 
beat-to-beat irregularity was 35.0 ms and the averaged conduction velocity 72.2 cm/s; 
the degree of conduction delay and block during AF varied from 4.1 to 26.9% (on average 
12.6%).
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In comparison, electrophysiological parameters quantified during long-standing persis-
tent AF in a patient with mitral valve disease are demonstrated in Figure 5B. The dominant 
frequency was 6.7 (range: 4.7 to 7.8) Hz. Compared to all quadrants in the patient with 
coronary artery disease, the number of fibrillation and epicardial focal waves was consid-
erably higher (number of fibrillation waves: 3.5±1.3 (1.1-5.7)/cm2/s, P<0.001, number of 
focal waves: 4.3±3.2 (0.1-13.0)/cm2/s, P<0.001). The averaged beat-to-beat irregularity was 
comparable (32.9 ms). Conduction velocity was on average 63 cm/s (P<0.01) and the de-
gree of conduction delay and block varied from 0.4 to 45.4% (on average 24.8%, P<0.001). 
Hence, during longstanding persistent AF, the number of fibrillation waves and incidence 
of focal waves was higher and conduction abnormalities occurred more frequently; the 
areas involved are shown in the quadrant maps.

Therefore, this mapping technique can potentially identify vulnerable areas responsible 
for initiation and persistence of AF by localizing and quantifying the degree of electropa-
thology in the individual patient. Furthermore, by understanding the electropathological 
substrate in AF patients and providing individualized diagnoses, high-resolution mapping 
might be able to direct current AF therapies more efficiently or may lead to new insights 
for treatment strategies which could in turn improve current treatment outcomes.
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