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Abstract

Background: There are limited datasets available
to facilitate the evaluation of patch-based lead systems,
so the leads must be derived from existing data, mainly
the 12-lead ECG. We have previously introduced a short
spaced lead (SSL) system consisting of two leads with
the largest ST segment changes during ischaemic-type
episodes. In this study, we aim to evaluate the derivation
of this patch-based lead system from the 12-lead ECG.
Method: Thoracic body surface potential maps (BSPM)
were recorded from n=734 patients. Using Laplacian in-
terpolation, each recording was expanded to the 352-node
Dalhousie torso. The eight independent channels of the 12-
lead ECG were extracted (I, II, V1-V6) with the two leads
of the SSL patch Coefficients were derived using linear re-
gression from the 12-lead ECG to the SSL patch.
Results: The median Pearson correlation coefficients (CC)
and root mean square error (RMSE) for each lead were
calculated as follows (CC/RMSE): 0.986/74.3 µV (ST
monitoring lead); 0.976/65.3 µV (spatially orthogonal
lead).
Conclusion: We have developed coefficients that allow the
derivation of a patch-based lead system from the 12-lead
ECG. Given the high correlation, it is possible to gener-
ate short spaced lead systems from existing diagnostic lead
systems, however, amplitude errors are introduced in the
process.

1. Introduction

The 12-lead electrocardiogram (ECG) remains the most
common tool in cardiac monitoring in a clinical setting
[1]. However, the 12-lead ECG is inconvenient for am-
bulatory use, or when recording from body positions other
than supine. Additionally, a 12-lead recording is usually
between three to ten seconds in duration. This may not
detect certain paroxysmal conditions such as atrial fibril-
lation or unstable angina [2]. A patch-based lead system
is more convenient compared to the 12-lead ECG, with

the capability for ambulatory monitoring. Furthermore, a
patch-based lead system has been shown to be effective in
the detection of cardiac arrhythmia [3, 4], including those
that display intermittent ECG changes, such as ventricular
tachycardia [5]. Existing patch-based lead systems such
as the Zio XT and BradyDx CAM have shown compara-
ble performance to the standard ambulatory Holter moni-
tors [6], but with a longer recording period than 24 hours
[7]. However, there are a lack of patch-based ECG systems
sensitive to ST-segment changes [8], with many focusing
on the reproduction of the 12-lead ECG for further analy-
sis [9, 10]. This may be due to a lack of available datasets
suitable for patch-based ECG development. We have pre-
viously reported on a patch-based lead system sensitive to
ischaemic-type ST-segment changes associated with my-
ocardial infarction [11]. This two-lead, four electrode,
patch will form the basis of a short-spaced lead (SSL) sys-
tem for our work. In this study, we aim to introduce and
evaluate coefficients for the derivation an ST-sensitive SSL
patch suitable for ambulatory monitoring. The SSL patch
derivation coefficients have been included as derived in our
work.

2. Methods

2.1. Data

The dataset used in this study has been described pre-
viously [12, 13]. The data were comprised of recordings
(n=734) from patients experiencing myocardial infarction
(n=271), left ventricular hypertrophy (n=237), and healthy
controls (n=226). The data were recorded using a body
surface potential map (BSPM) of 117 unipolar thoracic
leads, recorded with respect to the Wilson central terminal
(WCT). Distal limb leads were also recorded. Each record-
ing was a single beat in length, sampled at 500 Hz. These
were expanded to the 352-node Dalhousie torso [14, 15]
using linear interpolation. The data were split at random
to 80% training (n=587) and 20% test (n=147).



2.2. Coefficient Derivation

The eight independent channels of the 12-lead ECG
were extracted from each recording (I–II, V1–V6). The
two bipolar leads of the SSL patch were also extracted:
an ST-sensitive lead (SSLST ) and a spatially orthogonal
lead (SSLorth). The positions of these leads were decided
based on previous work [11]. Specifically, the SSLST

electrodes are at nodes 173 and 254 while SSLorth is lo-
cated between nodes 234 and 212 on the Dalhousie torso.
The positions of these leads on the anterior torso are plot-
ted in Figure 1.

Figure 1. Location of short spaced leads SSLST (white
circles) and SSLorth (white squares). Torso-wide median
amplitude 40 ms after the J-point in patients with myocar-
dial infarction (n=271). Precordial chest leads (V1–V6)
plotted as black circles.

Both recorded leads (12-lead) and leads to be derived
(SSL patch) were used in generating the coefficients. All
training set recordings (n=587) were concatenated prior
to computation. Linear regression was used to calculate
transform coefficients as shown in Equation 1:

β =

[(
RLT

train ·RLtrain

)−1
RLT

train

]
·DLtrain (1)

Where β represented an 8x2 matrix of transform coeffi-
cients. RLtrain and DLtrain were matrices of mtrainx8
and mtrainx2 respectively. They represented recorded
leads (I–II, V1–V6) and leads to be derived from the train-
ing dataset (n=587). mtrain was the total number of sam-
ples in the training dataset (n=171,708).

2.3. Lead Derivation

Using the coefficients derived in section 2.2, the leads to
be derived can be calculated from the test dataset (n=147).
These were calculated using Equation 2:

D̂Ltest = RLtest · β (2)

Where D̂Ltest was an mtestx2 matrix containing an es-
timate of the derived leads: SSLST , and SSLorth. RLtest

was an mtestx8 matrix of recorded leads (I–II, V1–V6)
taken from the test dataset (n=147). β was the 8x2 matrix
of derivation coefficients as defined in Equation (1). mtest

indicates the total number of ECG samples in the test set
(n=42,990)

2.4. Performance Measurement

Recorded leads from the test dataset were used to bench-
mark how accurately the leads were derived. Pearson
correlation coefficients (CC) and root-mean square errors
(RMSE) were calculated by comparing the recorded leads
(x), previously extracted from the BSPM data, with our
derived equivalents (y). CC was calculated as shown in
Equation 3:

ρ(x,y) =
1

M − 1

M∑
m=1

(
ym − µy

σy

)(
xm − µx

σx

)
(3)

Where ρ(x,y) is the CC. x and y represent the recorded
leads (RLtest) and derived leads (D̂Ltest) respectively. M
indicates the number of samples, µ is the mean, σ is the
standard deviation and m is the sample number. Similarly,
the RMSE between recorded and derived leads was calcu-
lated using Equation (4):

RMSE(x,y) =

√√√√ 1

M

M∑
m=1

(xm − ym)2 (4)

3. Results

The coefficients calculated in section 2.2 (β) are shown
in Table 1. They are arranged in an 8x2 matrix where the
rows represent the recorded leads (I–II, V1–V6), and the
columns represent the leads to be derived of the SSL patch
(SSLST , SSLorth). CC and RMSE for each lead are in-
cluded at the bottom: For the ST-sensitive SSL, SSLST ,
the CC was highest with 0.986. However, it also had the
highest RMSE with 74.3 µV . The spatially orthogonal
lead, SSLorth, had a marginally lower CC of 0.976, with
a lower RMSE of 65.3 µV

Figure 2 shows the leads to be derived (DLtest) and the
derived leads (D̂Ltest) for one recording, as performed in



Table 1. Derived lead coefficients (β) and their calculated
performance as CC and RMSE

Derived Leads
SSLST SSLorth

R
ec

or
de

d
L

ea
ds

I 0.4337 -0.1571
II -0.7155 -0.0244
V 1 -0.5004 -0.8134
V 2 0.4325 -0.0577
V 3 0.2980 0.0401
V 4 -0.0682 0.6915
V 5 0.1282 -0.1009
V 6 0.0367 -0.0523
CC 0.986 0.976

RMSE 74.3µV 65.3µV

section 2.3. The recording was taken from a patient under-
going myocardial infarction. The leads to be derived are
shown with a dashed line, and derived leads are shown as
a solid line.

4. Discussion

SSLST shows ST-elevation symptomatic of myocardial
infarction, whereas SSLorth provides increased spatial
resolution by showing cardiac activity orthogonally from
SSLST . A high CC value was reported for both SSLST

and SSLorth. This may be due to the proximity of these
leads to the precordial chest leads used during derivation.
SSLST had a higher CC, but also a higher RMSE. This
is potentially due to the median energy present in SSLST

recordings being higher than that of SSLorth. In the de-
tection of ST-elevation myocardial infarction (STEMI), the
ST criteria for the precordial leads of the 12-lead ECG re-
quires between 150-250 µV depending on age and sex.
The 74.3 µV of SSLST is below that range. However, a
patient presenting with a marginal STEMI using a 12-lead
ECG may not be detected using a patch-lead system. Fur-
thermore, the error may result in more false positives in
women, whose ST-elevation criteria are lower than men.
No specific criteria exist for cardiac abnormality detection
using patch-based devices, especially regarding behaviour
of the ST-segment. To fully evaluate such a lead system
in the detection of disease, a clinical consensus must be
reached. Placement errors are an issue for all lead systems,
including the 12-lead ECG [16]. A placement error for a
patch-based lead system may have a more amplified effect
than those of the 12-lead ECG due to the decreased spatial
resolution of a patch across the torso. The non-standard
locations of this lead system may result in a larger number
of placement errors than existing ambulatory systems such
as the Holter monitor or Zio XT. In the data collection de-

Figure 2. Leads to be derived (DLtest) and derived leads
(D̂Ltest) for both the ST-elevation sensitive SSL (SSLST )
and the spatially orthogonal SSL (SSLorth) from a patient
with myocardial infarction

scribed previously, a homogeneous torso was used to inter-
polate the 117-node recordings to the 352-node Dalhousie
torso. This may not be representative of all patients, further
exacerbating derivation errors. There are limited datasets
available to evaluate patch-based lead systems. This em-
phasises the need to derive them from other, more promi-
nent, datasets such as the 12-lead ECG. The efficacy of
such a lead system in the detection of cardiac abnormali-
ties cannot be fully determined since limited data specific



to this lead configuration exist. More data is required to
evaluate patch-based leads further.

5. Conclusion

We have provided coefficients towards the derivation of
a patch-based short-spaced lead system from the 12-lead
electrocardiogram using linear regression. The Pearson’s
correlation coefficient and root mean square error were
above 0.97 and below 75 µV for both leads respectively.
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