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A b s t r a c t 

Introduction: The aim of the study was to assess myocardial ischemia by 
analysis of ST-segment changes in high-resolution body surface potential 
maps (HR-BSPM) measured at rest and during an exercise stress test.
Material and methods: The study was carried out on a group of 28 patients 
with stable coronary artery disease and 15 healthy volunteers. The HR-BSPM 
were measured at rest and during the exercise stress test on a supine er-
gometer. The workload was increased in stages by 25 W every 2 min, be-
ginning at 50 W. The maps of ST-segment depression (ST60) were calculated 
from time averaged recordings at rest and at maximal workload.
Results: The efficiency in detection of myocardial ischemia was higher for 
HR-BSPM than for standard 12-lead electrocardiography (ECG) when both 
methods were evaluated by outcomes of coronarography. The sensitivity of 
HR-BSPM was 82.4% while for the standard 12-lead ECG exercise stress test 
it was 58.8%. For some patients significant changes in the ST segment were 
observed at stress HR-BSPM but were not visible in standard 12-lead ECG 
recorded under the same conditions.
Conclusions: Obtained high values of sensitivity and specificity in myocar-
dial ischemia detection suggest that maps of ST60 calculated from HR-BSPM 
can improve detection of patients with ischemic heart disease in compari-
son to the standard electrocardiographic exercise stress test examinations.
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Introduction

It is estimated that in European countries heart diseases are responsi-
ble for around 40% of cases of death before age 74 years [1, 2]. The high 
mortality rate among men and women [3–5] justifies the need to search 
for new diagnostic methods which ensure high sensitivity and specificity 
in detection of myocardial ischemia.

The standard 12-lead electrocardiographic (ECG) exercise stress test 
is one of the most commonly used noninvasive screening tests in pa-
tients with suspected stable coronary artery disease (CAD). Standard 
ECG has however limited sensitivity (30–70%) and specificity (70–95%) 
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in detection of CAD acute coronary syndromes [6]. 
To improve effectiveness of the ECG, diagnostic 
high-resolution measurement technique and body 
surface potential mapping were proposed [7, 8] and 
validated [9–11]. High-resolution body surface po-
tential mapping (HR-BSPM) gives a more complete 
view of the electrical activity of the heart, compared 
to 12-lead ECG [12–18]. According to our studies, 
ischemic changes in the ECG signal are observed 
in the electrodes located outside the standard 
electrode positions (with no significant chang-
es visible in standard ECG leads) [9, 11, 19, 20].  
Michaelides et al. [21] demonstrated that an in-
crease of ECG lead number during exercise testing 
increases sensitivity of detection of one-vessel 
coronary artery disease. Additional non-standard 
posterior ECG leads may also be useful in diag-
nosis of acute infarction [22]. This suggests that 
the high-resolution ECG mapping can bring new 
significant information about the state of cardiac 
muscle, contributing to a better diagnosis of coro-
nary artery disease.

Currently, the most widely used marker of isch-
emic changes in a  standard ECG exercise test is 
ST-segment depression. The aim of the study was 
to assess myocardial ischemia by analysis of the 
ST segment in high-resolution body surface poten-
tial maps (HR-BSPM) measured at rest and during 
an exercise stress test. To validate HR-BSPM diag-
nostic value the outcome of coronarography ex-
amination was used.

Material and methods

The study group consisted of 28 male patients 
with stable coronary artery disease confirmed by 
coronarography. Additionally, 15 healthy volun-
teers (males) with no history of cardiovascular 
diseases were studied. Healthy subjects had nor-
mal resting 12-lead electrocardiograms as well as 
no symptoms of cardiovascular diseases in the 
12-lead ECG exercise stress test. Basic statistical 
data of the study and control groups are present-
ed in Table I. 

All patients were in sinus rhythm, without in-
traventricular conduction abnormalities or left 
ventricular hypertrophy. The ECG signals were 
measured at rest and during an exercise test on 
a  supine ergometer. The conventional 12-lead 
electrocardiograms (Cardiovit AT-104, Shiller) were 
recorded. Additionally, the 67-channel high-resolu-
tion ECG measurement system was used (Active
Two, Biosemi). ECG electrodes were placed on the 
thorax surface according to the modified Amster-
dam lead system [8, 23], as shown in Figure 1 A.  
The workload was increased in stages by 25 W ev-
ery 2 min, beginning at 50 W. Tests were terminat-
ed when the heart rate reached at least 85% of the 
maximal predicted value or due to chest pain, fa-

tigue, arrhythmias, or marked ST-segment change. 
The study protocol was approved by an institu-
tional ethical committee in accordance with the 
Declaration of Helsinki and informed consent was 
obtained from each patient. The additional results 
of stress technetium-99m sestamibi single-pho-
ton emission computed tomography (SPECT) with 
dipyridamole injection were obtained for two pa-
tients from the study group.

Baseline wander was reduced using the third-
degree polynomial method [24] (with isoelectric 
levels estimated from the PR intervals). Indepen-
dent component analysis and cardiac beats aver-
aging in time were applied to reduce motion arti-
facts [23, 25]. Two sets of averaged ECG signals 
were computed: the first from a 10 min recording 
at rest and the second from a 10 s interval just be-
fore cessation of exercise. ECG fiducial points (Fig-
ure 1 B) detection was based on analysis of root-
mean-square signal (the procedure was described 
in [23]). The amplitude of ST-segment 60 ms after 
the J point (ST60) was measured for each electrode 
position and the distribution of obtained values 
on the thorax surface was estimated [26]. The 12-
lead ECG exercise stress test was evaluated for 
the presence of myocardial ischemia according to 
current guidelines of the European Society of Car-
diology [27]. According to the above-mentioned 
guidelines, in our body surface potential maps the 
exercise-induced ST-segment depression was con-
sidered significant (ischemia detected) if ST60 was 
≤ 0.1 mV in one or more anatomically contiguous 
body surface ECG leads. 

Sensitivity, specificity, positive and negative 
predictive values of conventional 12-lead ECG 
and HR-BSPM in detection of myocardial ischemia 
were computed and compared to the results of 
coronarography examination.

Table I. Basic characteristics for study population

Parameter Characteristics

Age, study group [year] 65 ±7 (51–79)

Age, control group [year] 62 ±12 (45–77)

BMI, study group [kg/m2] 26.25 ±4.01 (19.37–36.09) 

BMI, control group [kg/m2] 27.69 ±3.17 (20.96–32.93)

LAD/LCX/RCA occluded, n 6/5/5

Single-vessel disease, n 11

Multivessel diseasea, n 2

No significantb changes 
in coronary arteries, n

15

BMI – body mass index, LAD – left anterior descending artery, LCX 
– left circumflex artery, RCA – right coronary artery; atwo or more 
significant stenosed major coronary arteries; bgreater than 70% 
stenosis in major coronary arteries was classified as significant.
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Results

The results of the study are presented in Table II  
and Figure 2. The representative distributions of 

ST60 values on the thorax surface for one healthy 
volunteer as well as for two patients with and 
without significant exercise-induced changes in 
the ST segment are shown in Figure 2. The ref-
erence maps of ST-segment amplitude computed 
from rest ECG recordings and ST60 values observed 
during maximal effort are presented. The red (blue)  
color corresponds to the maximum (minimum) 
ST60 values calculated from all ECG lead positions. 
The patients for which the significant changes of 
ST60 in HR-BSPM maps were shown in Figures 2 A  
and 2 B had ischemia detected in coronarography 
but not in standard 12-lead ECG. The additional 

Figure 1. Recording and preprocessing of multilead ECG signals. A – ECG electrode arrangement on the thorax 
surface, B – time-averaged ECG signals from all recorded leads
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Table II. Sensitivity and specificity in detection of 
myocardial ischemia at exercise stress test

Diagnostic method Sensitivity [%] Specificity [%]

Standard 12-lead 
ECG 

58.8 100

HR-BSPM 82.4 86.6

Figure 2. Body surface maps of ST-segment amplitude 60 ms after J point computed from averaged in time multi
lead ECG recordings of patients with stable coronary artery disease (A, B) and healthy volunteer (C). The significant 
(A) and non-significant (B, C) ST-segment changes in BSPM due to exercise are shown. Presented maps were 
obtained from ECG signals recorded at rest and at maximal effort. The patients had ischemia detected by coron-
arography and additionally by SPECT examination but not in a standard 12-lead ECG stress test

Patients with CAD

A B C

Healthy volunteer
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performed SPECT studies confirmed ischemia de-
tection for these 2 patients.

The values of sensitivity and specificity in de-
tection of patients with coronary artery disease 
according to the outcome of coronarography ex-
amination are shown in Table II. 

In the study group 15 (54%) positive and 13 (46%)  
negative findings of ischemia symptoms were ob-
tained by using conventional 12-lead ECG. Twenty 
(71%) patients and 8 (29%) patients were classi-
fied by HR-BSPM respectively as with and with-
out myocardial ischemia. In the control group all 
subjects were classified as healthy if occurrence 
of ischemia symptoms was judged by standard 
12-lead ECG. Two subjects from the control group 
had a positive result of HR-BSPM. The positive and 
negative predictive values in the case of 12-lead 
ECG were 67% and 46%, respectively. The positive 
predictive value of 70% and negative predictive 
value of 63% was obtained if presence of isch-
emia was evaluated by HR-BSPM. 

Discussion 

The efficiency in detection of myocardial isch-
emia was higher for HR-BSPM than for standard 
ECG when both methods were evaluated by out-
comes of coronarography. In the obtained results 
the sensitivity of the proposed method based 
on analysis of the ST‑segment amplitude in HR-
BSPM recorded during the exercise stress test 
was 82.4% while for the standard 12-lead ECG 
exercise stress test it was 58.8%. The main reason 
for the higher values of sensitivity in detection of 
patients with myocardial ischemia obtained for 
HR-BSPM in comparison to standard 12-lead ECG 
was the larger number of ECG leads. In this study, 
for some patients ischemic changes in the ST seg-
ment were observed in leads positioned outside 
the precordial area whilst no significant changes 
were visible in precordial leads (Figure 2 A). This 
was also reported previously by other research 
groups working on multilead ECG recordings [28–
30]. Montague et al. [31] studied the body surface 
potential maps of the ST-segment integrals during 
exercise testing. They found that marked ST-seg-
ment changes are observed not only over the pre-
cordium but also in the entire lower torso. 

The lack of perfect accordance of HR-BSPM 
and coronarography results in detection of pa-
tients with stenosed arteries could be due to the 
fact that stenosis of main coronary arteries does 
not necessarily indicate significant low perfusion 
of the myocardium due to microvasculature, or 
formation of “natural bypasses” i.e., collateral 
vessels. This hypothesis could be examined us-
ing the scintigraphy method (by comparison with 
HR-BSPM). The specificity was lower for HR-BSPM 
(86.6%) than for the standard 12-lead ECG ex-

ercise stress test. Significant changes in the ST 
segment were observed for two subjects from the 
control group in leads which were not included in 
the conventional 12-lead ECG electrode layout. 
Montague et al. [31] found qualitatively similar 
but quantitatively less severe exercise-induced 
ST-segment changes in normal subjects com-
pared to CAD patients. They concluded that there 
should be a quantitative and temporal continuum 
of myocardial metabolic changes from physiologic 
exercise to ischemia and recovery [31]. The isch-
emic changes observed could also indicate exis-
tence of silent ischemia. It was reported [32–35] 
that significant ST-segment depression may occur 
in 10–30% of the normal population. 

The obtained results suggest that increased 
ECG lead number, higher amplitude resolution of 
BSPM and application of advanced methods of 
noise reduction allow for better recognition of 
myocardial ischemia than the routinely performed 
standard 12-ECG lead exercise stress test. The re-
sults of this pilot study should be confirmed by 
further investigation on a larger number of stud-
ied patients.
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