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Optimal ECG Lead System for Arrhythmia Assessment
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The aim of the study was to evaluate diagnostic value of TCRT (spatial QRS-T angle) 
parameter in different sets of ECG leads and to select the ECG lead set, for which the 
TCRT parameter would have the best sensitivity and specificity in identifying patients 
threatened by ventricular tachycardia (VT pts). Two groups of patients after myocardial 
infarction were studied: 13 non VT pts and 30 VT pts. The TCRT parameter values 
differentiated VT pts group from non VT pts group for all analyzed sets of ECG leads. 
Considering sensitivity of the TCRT parameter in identifying VT patients the best set of 
ECG leads was selected.

K e y w o r d s: arrhythmia, vectorcardiography, risk factors

1. Introduction

Diseases of heart and cardiovascular system are nowadays a major health problem. 
In European countries, cardiovascular mortality represents around 40% deaths of 
people at age below 74 years [1]. The most frequent cause of death among people 
with circulatory failure is sudden cardiac death (SCD), which is defined as: ‘natural 
death due to cardiac causes heralded by abrupt loss of consciousness within one 
hour of the onset of acute symptoms’ [2, 3]. The most common electrophysiological 
mechanism leading to SCD is rapid acceleration of cardiac rhythm called ventricular 
tachycardia (VT). It often evolves into ventricular fibrillation (VF).
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 Lack of effective, noninvasive, diagnostic methods for the SCD prediction stimu-
lates intensive searching of new tools for early detection of cardiac disorders. One of 
important risk markers of the ventricular tachycardia is a new parameter representing 
the total angle between QRS complex and T wave in electrocardiogram called TCRT 
(total cosine R to T). It was proposed for assessment of cardiac arrhythmia by Turkish 
scientist Burak Acar et al. in 1999 [4]. The TCRT parameter allows to assess homogene-
ity of electrical phenomena in cardiac muscle by examination of concordance between 
direction of depolarization wave propagation and direction of repolarization process. In 
normal physiological terms direction of depolarization should not significantly differ 
from direction of repolarization (the TCRT parameter close to one). The repolarization 
sequence in this case replicates the depolarization sequence in the opposite direction. 
It means that cells that depolarize last repolarize first. The abnormalities in the physi-
ological synchronization between depolarization and repolarization of ventricles (the 
TCRT parameter close to minus one) lead to arising of the additional source of high 
frequency pulses which might cause arrhythmia incidents. 
 The TCRT parameter was originally calculated from 8 standard ECG leads. Many 
studies on body surface potential mapping have proved its superiority over standard 
ECG lead system in detecting cardiac insufficiencies [5–8, 11]. The results of our 
analysis [5] confirmed the diagnostic value of the TCRT parameter determined in 
that way. It was shown that sensitivity and specificity of the TCRT parameter were 
higher when 64 leads ECG system was used [5]. 
 However, the application of many electrodes is cumbersome what causes dif-
ficulties with application of this technique as a clinical routine test. The compromise 
could be achieved when number of the ECG leads and its location on the body surface 
would be found in a way allowing reliable detection of various cardiac pathologies. 
In work of Fereniec et. al [9] three subsets of optimal 12 and 16 ECG leads from 
64 surface ECG leads were chosen for diagnostics of ischemic heart disease and 
myocardial infarction. 
 The aim of this study was to evaluate the diagnostic effectiveness of the TCRT 
parameter calculated from the sets of ECG leads proposed in our previous work [9]. 
Another objective was selection of a set of optimal leads for VT assessment using 
the TCRT parameter with the best sensitivity and specificity.

2. Materials and Methods

The study was carried out on the group of 43 men, patients after myocardial infarc-
tion (MI) in age of 24 to 74 years (mean age 52.0 ± 13.4 years). The study group 
consisted of 30 patients with ventricular tachycardia (VT) and 13 without arrhythmia 
episodes in long term follow-up.
 The ECG signals were recorded in the electrically shielded room using the high-
resolution 64-lead ECG measurement system. The lead location corresponded to the 
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University of Amsterdam lead system [10, 11] where 61 electrodes were located on 
the torso and 3 ones on limbs. The ECG signals were sampled with frequency of 
4096 Hz and amplitude resolution of 16 bits. To improve signal-to-noise ratio the 
ECG signals with a noise level about 6 to 8 μV were decimated to 1024 Hz [12] and 
averaged in time with use of cross correlation method [13]. The number of aver-
aged heart beats was 100–300 beats depending on the noise level in the measured 
signal.
 The values of TCRT parameter were calculated for subsets of the optimal ECG 
leads selected in our previous study [9] for ischemia and myocardial infarction 
diagnosis. To identify the best 12 and 16 ECG lead location on the body surface 
the Discriminant Index (DI) [14] and Sequential Selection Algorithm (SSA) [11] 
were used.
 The Discriminant Index allows for the selection of ECG leads with the largest 
differences in ECG waves’ shapes between the group of healthy subjects and the 
group of MI patients. This optimization of ECG leads focuses on finding of the op-
timal number and distribution of the ECG leads allowing to increase sensitivity and 
specificity of diagnostic methods using chosen leads subsets.
 The Sequential Selection Algorithm proposed by Lux [11] was used for the de-
termination of the smallest number and placement of the ECG leads, which would 
allow for the best approximation of ECG potentials distribution on the surface of the 
body received from system with large amount of leads. In the algorithm the correlation 
coefficients between all leads are determined from the covariance matrix estimated 
using all ECG signals from all subjects. The lead that had the highest correlation 
coefficient (“information content”) with all other ones was selected sequentially. 
Finally sets of 12 and 16 optimal leads were selected. 

Fig. 1. Optimal locations of 12 and 16 ECG leads around thorax, a – chosen in respect of ma-
ximal value of the Discriminant Index (MAX_DI), b – chosen in respect of the most frequently 
occurrence of the maximal value of the Discriminant Index (FREQ_MAX_DI), c – the leads se-
lected using sequential selection algorithm (SSA). Unfilled squares (□) stand for precordial leads 
(from left V1, V2, V3, V4, V5, and V6), black circles (●) represents the set of 12 optimal ECG leads,

 and filled grey circles (●) are 4 additional leads added to form the set of 16 optimal ECG leads 

a)                                            b)                                                      c)

MAX_DI FREQ_MAX_DI SSA
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 The selected sets of optimal ECG leads are shown in Fig. 1. The first 12 
and 16 ECG leads were selected according to the maximal values of DI (Fig. 1a 
– MAX_DI). The ECG leads with the largest differences between the ECG signals 
averaged in group of healthy subjects and the ECG signals averaged in group of 
MI patients were chosen. The second subsets of optimal ECG leads were selected 
according to the most frequently occurrence of the maximal value of Discriminant 
Index (Fig. 1b – FREQ_MAX_DI) calculated individually for each patient. The third 
sets of optimal ECG leads were chosen using the Sequential Selection Algorithm 
(Fig. 1c – SSA). 
 To calculate the TCRT parameter, the singular value decomposition (SVD) was 
applied to the data matrix M (mxn), in which m is the number of analyzed ECG 
channels, n is the number of samples in each channel (m>n). It is expressed by the 
following formula:

   M = U Σ VT (1)

where:
 U – mxm orthogonal matrix, ortonormal basis of columns of M,
 V – nxn orthogonal matrix, ortonormal basis of rows of M,
 Σ – diagonal matrix mxn of singular values (σij = 0 if i ≠ j and σ11 ≥ σ22≥ ⋅⋅⋅ ≥ 0).
 The first column of both U and V matrixes includes k the most important com-
ponents of data matrix M, thus the matrix M can be approximated as:

   Mk ~ UkΣkVk
T  (where k >= 1) (2)

 As a result of a projection of the matrix M onto three first columns of the matrix 
U (u1,u2,u3), three independent components of the ECG signals (three orthogonal 
signals – S1, S2, S3) were obtained and ordered according to their significance. In 
further analysis the signals containing most information about measured data (99% 
of ECG energy [15]) were used.
 The ECG characteristic points (onsets and offsets of both depolarization and repo-
larization waves) were determined according to procedure described by Acar et al. [4]. 
 The TCRT parameter was defined as an average of cosines of the angles between 
consecutive R-wave loop vectors located in a subspace U and the main T-wave loop 
vector. 
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where:
 tv     –T-wave vector,
 rv(i)  – vectors creating R-wave,
 ΔtR – duration of R-wave.
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 The examples of orientation of R-wave loop and T-wave loop for two analyzed 
patients after myocardial infarction are shown in Fig. 2: with ventricular tachycardia 
(Fig. 2a) and without VT (Fig. 2b). For most cases the angles α between the main 
direction of the R-wave and the T-wave for VT patients were larger than for patients 
who did not have episode of arrhythmia. The TCRT parameter measures differences 
between the main orientations of depolarization and repolarization waves thus it 
could separate VT pts group from non-VT pts group. 

Fig. 2. The orientation of R-wave loops and T-wave loops are shown for MI patients with ventricu-
lar tachycardia (a) and without episode of arrhythmia in long term follow-up. Note that directions of 
the depolarization and the repolarization waves are close to each other in a case of non-VT patient 
(b), whereas they are far from each other in case of VT patient (a). The negative values of the TCRT

parameter correspond to large difference between orientation of R-wave and T-wave

a)              b) 

 Range of physiological (normal) and pathological (proarrhythmic) values of 
angles between directions of the main T-wave and R-wave vectors were determined 
according to Kardys et al. [16]: physiological range from 0° to 130° (–0.64<TCRT≤1), 
pathological from 130° to 180° (–1 ≤ TCRT ≤ –0.64).

3. Results

The results of study are shown in Table 1 and Table 2. They are compared with results 
obtained in our previous analysis on the same group of patients performed using 61 
leads and a set of 8 standard leads [5]. 
 The distinct differences in the values of TCRT parameter were observed between 
group of patients with ventricular tachycardia (VT pts.) and group of patients without 
ventricular tachycardia for all sets of ECG leads (Table 1).
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 The best sensitivities were obtained in a case of 61 leads as well as for 12 and 16 
sets of optimal ECG leads selected in respect to maximal value of the Discriminant 
Index (MAX_DI). There was no difference in values of sensitivity for the sets of 
leads chosen with MAX_DI method. A little bit worse result of the TCRT sensitivity 
for detection of VT patients were obtained in a case of the sets of optimal ECG leads 
selected with FREQ_MAX_DI method and for standard ECG leads. 
 The result of the TCRT sensitivity calculation (worse than 60 %) was unsat-
isfactory in the case of set of leads selected using Sequential Selection Algorithm 
(SSA). The values of specificity were better than 80 % for all analyzed sets of the 
ECG leads. 

Table 1. Mean values of the TCRT parameter (± STD) calculated using different sets of ECG leads

Algorithm of selection Number of ECG leads VT pts. non VT pts.

61 leads –0.80 ± 0.27 0.27 ± 0.46

8 standard leads –0.80 ± 0.22 0.28 ± 0.49

MAX_DI
12 optimal leads –0.71 ± 0.37 0.18 ± 0.69

16 optimal leads –0.72 ± 0.34 0.22 ± 0.68

FREQ_MAX_DI
12 optimal leads –0.67 ± 0.36 0.27 ± 0.61

16 optimal leads –0.73 ± 0.31 0.13 ± 0.64

SSA
12 optimal leads –0.55 ± 0.44 0.35 ± 0.59

16 optimal leads –0.58 ± 0.42 0.34 ± 0.58

Table 2. The sensitivity and specificity of TCRT parameter

Algorithm of selection Number of ECG leads Sensitivity of TCRT 
parameter [%]

Specificity of TCRT 
parameter [%]

61 leads 76 100
8 standard leads 72 100

MAX_DI
12 optimal leads 76 85
16 optimal leads 76 85

FREQ_MAX_DI
12 optimal leads 69 92
16 optimal leads 72 85

SSA
12 optimal leads 52 100
16 optimal leads 59 100

 The result of TCRT parameter calculation on the group of MI patients with ven-
tricular tachycardia and without VT is shown in Fig. 3. The set of 12 optimal ECG 
leads chosen in respect of the maximal value of Discriminant Index (MAX_DI) was 
used in the calculation. The sensitivity of TCRT for this set of leads was the same as 
for the set of 61 leads. The specificity of TCRT was also acceptable. 



79Optimal ECG Lead System for Arrhythmia...

4. Discussion and Conclusions

The sets of ECG leads characterized by the best sensitivity and specificity of the TCRT 
parameter in indentifying patient threatened by ventricular arrhythmia were searched.
 The six optimal ECG leads’ subsets of 64 surface ECG leads system selected 
in our previous study [9] were used in the calculations. The four sets of 12 and 16 
ECG leads chosen using the Discriminant Index show the best differences in mor-
phology of ECG signals between the group of MI patients and the group of healthy 
volunteers. The next two analyzed sets of ECG leads selected using the Sequential 
Selection Algorithm allow the best approximation of ECG potentials’ distribution 
on the surface of the body, received from 64 ECG leads system.
 The results of analysis performed in this study confirmed the diagnostic value 
of the TCRT parameter in identifying patients threatened by ventricular tachycar-
dia. Selection of the optimal 12 ECG lead set for the TCRT parameter calculation 
chosen on basis of the maximal value of Discriminant Index [9] seems to be a good 
solution. For this lead system the sensitivity of the TCRT parameter in identifying 
VT patients was the same as for 61 leads set. Specificity of TCRT parameter in case 
of this subset of optimal ECG leads was also satisfactory. This 12 lead set could be 
applied during ECG tests with use of standard electrocardiographs. High prognostic 
value of the TCRT parameter gives rise to statement, that it might be an effective 
marker helpful in a qualification process to implantable cardioverter-defibrillator 
therapy of MI patients. Further analysis, especially with larger number of patients 
after myocardial infarction, is required.

Acknowledgment

This work was supported by Ministry of Science and Higher Education, project nr 3 T11E 005 30.

Fig. 3. Values of TCRT parameter calculated from the set of 12 ECG leads chosen in respect of the
maximal value of Discriminant Index (MAX_DI)



80 M. Kania et al.

References

 1. Sans S., Kesteloot H., Kromhout D.: The burden of cardiovascular diseases mortality in Europe. Task 
Force of the European Society of Cardiology on Cardiovascular Mortality and Morbidity Statistics 
in Europe. Eur. Heart J. 1997 Aug.18, 8, 1231–1248.

 2. Priori S.G., Aliot E., Blomstrom-Lundqvist C., Bossaert L., Breithardt G., Brugada P., et al.: Task 
Force on Sudden Cardiac Death, European Society of Cardiology. Europace. 2002 Jan, 4, 1, 3–18.

 3. Myerburg R.J., Castellanos A.: Cardiac arrest and sudden cardiac death. Heart disease: A textbook 
of cardiovascular medicine. 1997, 4, 756–789.

 4. Acar B., Yi G., Hnatkova K., Malik M.: Spatial, temporal and wavefront direction characteristics of 
12-lead T-wave morphology. Med. Biol. Eng. Comput. 1999 Sep, 37, 5, 574–584.

 5. Kania M., Fereniec M., Zbiec A., Kepski R., Karpinski G., Maniewski R.: Evaluation of the QRS-T 
angle using the high-resolution 64-lead electrocardiography. Anadolu Kardiyol. Derg. 2007 Jul, 7 
Suppl 1, 120–122.

 6. Hirai M., Ohta T., Kinoshita A., Toyama J., Nagaya T., Yamada K.: Body surface isopotential maps 
in old anterior myocardial infarction undetectable by 12-lead electrocardiograms. Am. Heart J. 1984 
Oct, 108, 4 Pt 1, 975–982.

 7. Montague T.J., Johnstone D.E., Spencer C.A., Lalonde L.D., Gardner M.J., O’Reilly M.G. et al.: 
Non-Q-wave acute myocardial infarction: body surface potential map and ventriculographic patterns. 
Am. J. Cardiol. 1986 Dec, 1, 58, 13, 1173–1180.

 8. De Ambroggi L., Bertoni T., Locati E., Stramba-Badiale M., Schwartz P.J.: Mapping of body 
surface potentials in patients with the idiopathic long QT syndrome. Circulation 1986 Dec, 74, 6, 
1334–1345.

 9. Fereniec M., Kania M., Maniewski R.: Optimal Leads Selection for Repolarization Phase Analysis. 
Measurement Science Review 2007, 2, Section 2, 1, 1–4.

10. Lux R.L., Smith C.R., Wyatt R.F., Abildskov J.A.: Limited Lead Selection for Estimation of Body 
Surface Potential Maps in Electrocardiography. Biomedical Engineering, IEEE Trans. Biomed. Eng. 
1978, 270–276.

11. Lux R.L., Burgess M.J., Wyatt R.F., Evans A.K., Vincent G.M., Abildskov J.A.: Clinically practical 
lead systems for improved electrocardiography: comparison with precordial grids and conventional 
lead systems. Circulation 1979 Feb, 59, 2, 356–363.

12. IEEE® Programs for Digital Signal Processing, IEEE Press. New York: John Wiley & Sons, 1979. 
Chapter 8.

13. Fereniec M., Kacprzak M., Karpinski G., Maniewski R., Zbiec A., Ircha D.: The 64 channel system 
for high resolution ECG mapping. Proc. CinC. 2001, 28, 513–515.

14. Kornreich F., Snoeck J., Block P., Tiberghien J., Lebedelle M., Smets P. et al.: An “optimal” lead 
system for the diagnosis of coronary heart disease and hypertrophies using multivariate analyses. Qu-
antitative comparison with other commonly used lead systems. Adv. Cardiol. 1977, 19, 198–200.

15. Acar B., Koymen H.: SVD-based on-line exercise ECG signal orthogonalization. IEEE Trans. Biomed. 
Eng. 1999 Mar, 46, 3, 311–321.

16. Kardys I., Kors J.A., van der Meer I.M., Hofman A., van der Kuip D.A., Witteman J.C.: Spatial QRS-
T angle predicts cardiac death in a general population. Eur. Heart J. 2003 Jul, 24, 14, 1357–1364.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


