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Abstract

An inverse-forward approach was assessed to compute
a 12-lead ECG from body surface potential mapping
data. Using simulated data (n=21), reconstructed 12-lead
ECGs had accurate morphology (CC>0.88), amplitude
(RMSE<8.6%) and mean electrical axis during both
depolarization and repolarization ( ∆𝜃 < 17 degrees).
There was no significant deterioration in results until
body surface mapping electrodes were removed within 6
cm of any 12-lead electrode (p < 0.0001). Reconstructed
12-lead ECGs of 6 CRT candidates captured the
measured mean electrical axis during the QRS and Twave ( ∆𝜃 = 6.2 ± 4.7 and 14.2 ± 2.6 degrees
respectively). Furthermore, additional clinically relevant
features were reproduced allowing the correct
identification of left bundle branch block and nonspecific
intraventricular conduction disturbance, including:
broad/notched R-waves, presence/absence of Q-wave,
and direction of T-waves.

2.

Methods

2.1.

12-Lead Reconstruction Algorithm

12-lead ECGs were calculated from BSPM using an
inverse-forward interpolation scheme [4]. That is, signals
are inversely reconstructed from BSPMs onto an arbitrary
interior surface. The computed interior surface signals are
used in a forward model to compute the 12-lead ECG.
Here, the inverse method was a modified version of the
method of fundamental solutions (MFS) for solving the
inverse problem of electrocardiography [5]. MFS
coefficients of a virtual source were computed on an
interior surface located near the body surface. This
constitutes a Cauchy problem for Laplace’s equation:
∇! ∅ 𝑥 = 0,
with boundary conditions:

𝑥∈Ω
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1.

Introduction

High density body surface potential mapping (BSPM)
provides precise detection and diagnosis of
electrophysiological phenomena, either through direct
analysis of BSPM [1] or through non-invasive
electrocardiographic imaging of cardiac electrical activity
[2]. Clinicians prefer to interpret this information in light
of a 12-lead ECG, which is of daily use in cardiac
arrhythmia diagnosis. However, BSPM systems are
frequently missing signals in 12-lead electrode locations
and alternative leads produce substantially different
results [3]. This is particularly a problem during nonstable rhythms requiring concurrent measurements, as the
12-lead electrodes cannot be placed simultaneously with
many commercial BSPM systems.
In this study, using simulated and clinical data, we
evaluated the use of an inverse-forward approach to
compute the 12-lead ECG from BSPM.
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where Ω is the volume between the fictitious interior
surface and the torso surface 𝛤! ; ∅ 𝑥 are the potentials
located at 𝑥; ∅ ! (𝑥) are the potentials on the torso surface.
Discretizing Eq (1) gives:
𝑏 = 𝐀  𝑎
(2)
Where 𝑏 is a vector of BSPM electrode potentials and
normal derivatives, 𝑎 is a vector of MFS coefficients at
the intermediate interior surface, and 𝐀 is the transfer
matrix containing the geometric relationship between the
two surfaces. A constant conductivity medium was
assumed between the two surfaces, and Tikhonov
regularization method [6] with CRESO-determined
regularization parameter [7] was used to compute 𝑎. The
coefficient vector 𝑎 was then used as an input to compute
the 9 electrodes on the torso defining the 12-lead ECG
from the fictitious interior surface (Eq (2)).
The fictitious interior surface was defined by deflating
the torso surface by a factor of 0.6 relative to the
geometrical centre of the torso. The geometric centre was
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found by computing the average coordinate value of all
the torso electrodes.

2.2.

Data Sets

Numerical Simulations
Simulated data were computed using a monodomain
reaction-diffusion model (0.2 mm resolution) coupled to a
bidomain torso model (1 mm resolution). Transmembrane
ionic currents were computed with the TNNP model of
the human ventricular myocyte [8]. Simulations were
performed using the propag-5 software [9] on a Blue
Gene/Q supercomputer. Cardiac sequences simulated
included 6 paced activation, and 15 re-entrant VTs.
BSPM were computed from simulated transmembrane
currents using a finite-difference torso model. Heart and
thoracic anatomy were created from MRI data and
included intracavitary blood, anisotropic myocardium,
lungs, and an anisotropic skeletal muscle layer. From the
simulated torso potentials, the 12-lead ECG (gold
standard) and a 252-channel BSPM recording was
extracted and used here. To assess the sensitivity to
missing electrodes, unusable BSPM channels were
defined as all electrodes within 0, 2, 4, 6, 8, 10 and 12 cm
of each of the 9 electrodes defining the 12-lead ECG
respectively, for a total of 63 combinations of unusable
electrodes. The 12-lead ECG electrode positions for
reconstruction were the same as the gold standard.
Clinical Data
In total, 6 heart failure patients scheduled for CRT
implantation (QRS width >120 ms) where included in this
study: 3 patients with left bundle branch block (LBBB)
and 3 with non-specific intraventricular conduction
disturbance (NICD), as defined according to
AHA/ACCF/HRS criteria [10]. For each patient, a 12lead ECG (gold standard) was recorded in sinus rhythm at
rest in supine position (filtered 0.5-35 Hz). BSPM were
then recorded with a 252-electrode vest (CardioInsight,
Medtronic) and geometric information was acquired with
computed tomography (CT). Channels in which signals
were absent as a result of lead fracture or poor electrode
contact were defined as unusable. The 12-lead ECG
placement for reconstruction were defined using the bony
landmarks visible in the CT.

2.3.

Comparison and Statistics

For both data sets, unusable electrodes and their
associated signals were removed from the torso mesh and
excluded from the formulation of the transfer matrix.
Reconstructed ECG waveforms were compared to gold
standards using a Pearson’s correlation (CC) and root
mean square error (RMSE). The absolute difference in
mean electrical axis of the heart ( ∆𝜃 ) during the QRS

(pacing, sinus and VT) and T-wave (pacing and sinus)
were also compared between the reconstructed and
measured 12-lead ECG. The mean axis was defined using
a two lead approach[11]:
𝜃 = tan!!

!!!!!!
!!

(5)

where I and III are the net voltage over the QRS or Twave for these leads.
For each metric, normality was tested with a ShapiroWilk’s test. The significance of differences among means
was tested using an ANOVA, accounting for interaction
with lead and distance of unusable electrodes.
Significance was taken for p<0.05 Post-hoc comparisons
were made using a Tukey’s HSD. Data are expressed as
median [LQR;UQR].

Fig 1. True and reconstructed 12-lead ECG using simulated data
with no missing electrodes (left) and unusable electrodes ≤8 cm
of V3 (right).

3.

Results

3.1.

Numerical Simulations

Raw data (CC, RMSE, and ∆𝜃 ) were skewed and
were rendered normal with log transformations (p<0.05).
Figures present non-transformed data.
With no unusable electrodes, reconstructed 12-lead
ECGs were very accurate, with CC = 0.99 [0.99;1.00],
RMSE = 0.02 [0.00;0.06] and ∆𝜃 = 1.6o [0.9;3.8]. Fig. 1
(left) presents reconstructed and gold standard 12-lead
ECGs for a left ventricular pacing sequence, with no
obvious difference between signals.
Leads I, II and aVR had a lower CC than all other
leads (p<0.04), while Leads I and aVR had higher RMSE
(p<0.004). CC and RMSE values and statistics for each
lead are presented in Fig 2.
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patients. For LBBB (Fig 4), this included broad and
notched/slurred R-waves in leads I, aVL, V5 and V6, the
absence of Q-waves in leads I and V5, and R-peak times
>60 ms in leads V5 and V6.
Table 1. Comparison of   ∆𝜃 for clinical data (n=6)

∆𝜃
Fig 2. Reconstruction accuracy of each lead using simulated
data without unusable electrodes. Crosses represent outliers.
Leads with the same letter were not significantly different
(p>0.05) from post-hoc Tukey’s HSD.

With an increasing number of unusable electrodes,
more outliers became evident for each metric, though the
median values did not substantially change (Fig 3).
Compared to no unusable electrodes (0 cm), CC and
RMSE were significantly increased when unusable
electrodes were ≥6 cm from the 12-lead ECG electrodes
(p<0.0001), and ∆𝜃   when up to 12cm (p<0.05)
Unusable electrodes most affected reconstruction
accuracy in lead they were closest to. This is
demonstrated in Fig 1 (right), with V2 and V3 more
altered by unusable electrodes within 8 cm of V3.
Missing electrodes around left arm electrode resulted in a
significantly higher ∆𝜃 than any other electrode except
the right arm (p<0.02). This is because limb leads I and
III are involved in the computation of 𝜃.

QRS
6.2 ± 4.7

T-wave
14.2 ± 2.6

For NICD this included a prolonged QRS width (>120
ms), following a normally conduction p-wave, and
morphology not pertaining to right or LBBB, or WolfParkinson White syndrome. Fig 5 presents an example,
with R-waves peaks at <60 ms and a deep S in V5 and
V6, and the absence of R-waves in V1 and V2. While
reconstructed ECGs produced an R-wave in V2, all other
features were captured and NICD accurately diagnosed.

Fig 4. 12-lead ECG features indicating LBBB observed in the
patient (left) captured by the reconstructed 12-lead ECG (right).
Fig 3. Comparison between true and reconstructed 12-lead
ECG using simulated data with increasing number of unusable
electrodes. Probability that distributions are significantly
different to 0 cm: * p<0.05, ** p<0.0001.

3.2.

Clinical Data

For patient data, the closest usable electrode to each
ECG electrode was 1.6 [0-3.3] mm. The QRS and T-wave
mean electrical axis were accurately captured for all
patients (Table 1).
Reconstructed 12-lead ECGs demonstrated clinically
relevant features allowing the correct diagnosis of all

4.

Discussion

The inverse-forward approach presented in this
manuscript can accurately reconstruct 12-lead ECGs from
BSPM, not only for overall morphology, amplitude, and
mean electrical axis, but also for the small clinical
features used in cardiac arrhythmia diagnosis.
The chest leads showed slightly more accurate
reconstructions than the limb leads with simulated data
(Figs. 2), though the difference in CC and RMSE values
was not very substantial. This is likely because the chest
leads lay in a more densely sampled region of the BSPM,
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and thus are more likely to have all their source
information captured.
On the other hand, with clinical data the reconstructed
chest leads tended to show more differences than the limb
leads when compared to the gold standard (Figs 4 and 5).
As there was only a small number of unusable electrodes
in each clinical case, these differences are likely due to
the difference in reconstructed and gold-standard ECG
lead locations (not present in simulated data).
Indeed, although the reconstructed ECG leads were
placed according to recommended locations and CTderived landmarks, previous studies have found there can
be large inter-user variability particularly in the chest
electrodes [12]. However, despite the small difference in
these leads with the change in position, the important
clinical features were always present in reconstructed 12lead ECG allowing correct diagnosis.

Fig 5. 12-lead ECG features indicating NICD observed in
patient (left) captured by the reconstructed 12-lead ECG (right).

The ability of this approach to produce accurate 12lead ECG reconstructions, even in the presence of
relatively large regions of missing data (Fig 3), is likely
not possible with other interpolation methods, which
produce large inaccuracies in regions as small as 20 cm2
[4]. The inverse-forward approach however, is based on
fact the potential distribution on an internal surface can be
seen as the source for the entire torso surface. The source
generating the 12-lead ECG is also reflecting in
electrodes in other regions of the body surface. It is then
possible to estimate, by solving an inverse problem, the
source elements that produce the missing electrodes, even
when they are no present in the BSPM.
Whilst we have used this method here to reconstruct a
12-lead ECG, it is likely this method could also be used

to derive other lead systems, such as the Frank lead
system to obtain orthogonal leads.
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