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Abstract—The measurement of subtle morphologic beat-to-beat trode positioning or body position which make the comparison
variability in the electrocardiogram (ECG)/vectorcardiogram  of QRS waveform measurements more difficult.
(VCG) is complicated by the presence of noise which is caused  The measurement of subtle beat-to-beat variations in QRS

by, e.qg., respiration and muscular activity. A method was recently hol . th le wh | i thas b
presented which reduces the influence of such noise by performing morphology IS another example where loop alignment has been

spatial and temporal alignment of VCG loops. The alignment is considered, primarily for the purpose of reducing the effects of
performed in terms of scaling, rotation and time synchronization respiration [3]. This type of variability measurement was origi-
of the loops. Using an ECG simulation model based on propaga- nally suggested as a means for studying electrical instability of
tion of action potentials in cardiac tissue, the ability of the method e ‘heart, The variability was quantified as the ensemble vari-
to separate morphologic variability of physiological origin from f ve. ti i d si beat 1 d
respiratory activity was studied. Morphologic variability was ance 0_ Successwe,.lme-a igne Slnus eats, Se_e’ g.g., [ ]‘f’m
created by introducing a random variation in action potential [5]; an increased variance was considered as an indicator of in-
propagation between different compartments. The results indicate stability. In these earlier studies, methods for respiratory com-
that the separation of these two activities can be done accurately pensation were either neglected or compensated for in a rather
at low to moderate noise levels (less than 1pV). At high noise  y5qic fashion. Later, the importance of employing such compen-

levels, the estimation of the rotation angles was found to break tion techni d trated: | i t ti
down in an abrupt manner. It was also shown that the breakdown sationtechniques was demonstrated: loop alignment Sometimes

noise level is strongly dependent on loop morphology; a planar reduced considerable morphologic variability to a value close
loop corresponds to a lower breakdown noise level than does ato the variability of the noise [3]. Similar results were obtained

nonplanar loop. using a lead-dependent, nonspatial compensation technique for
Index Terms—ECG signal processing, morphologic beat-to-beat the measurement of morphologic QRS variability [6].
variability, noise performance, VCG loop alignment. Still another application of loop alignment is the cancellation

of QRST complexes for the purpose of analyzing atrial fibrilla-
tion in the surface ECG/VCG [7]. This application is related to
the measurement of morphologic beat-to-beat variability, how-

HE ALIGNMENT of vectorcardiographic (VCG) loops is ever, the residual signal, i.e., the atrial fibrillation waves, is now

useful in electrocardiographic (ECG) applications whene desired quantity rather than the aligned QRS waveforms.
joint analysis of two or more loops is of interest. For examplahe residual signal is obtained by subtracting an aligned, av-
serial comparison of VCG recordings overcomes certain prafraged loop to each beat in the original ECG. It was found
lems when combined with loop alignment which are commontyat loop alignment produces a signal with smaller QRS related
associated with the analysis of standard 12-lead ECG recordingsiduals than does straightforward “averaged beat subtraction”
[1], [2]. These problems include undesired shifts of the eleand, as a result, the residual signal is much better suited for spec-
trical axis caused by slight interrecording changes in, e.g., eleeal analysis of the fibrillatory waveforms [8].

The present study investigates a humber of issues which are
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exhibits. The properties of the estimated loop rotation matrix anghere the Frobenius norm for an x n matrix X is defined

studied in terms of rotation angles for different loop morpholdy || X||3 = >t Z};l |z;;|>. The minimization in (3) is

gies. A breakdown noise level is heuristically established for tiperformed by first finding closed-form expressions for the esti-

angle estimates. matesy andQ under the assumption thats fixed. The optimal
Another important aspect of loop alignment performancaestimates ofy, 7, andQ are then determined by evaluating the

is related to the measurement of morphologic variability. Aerror <2 for different values ofr in the interval[—A, A]. The

though techniques are necessary for separating, e.g., respiratesylting ML estimate of) is given by [3]

activity from variability of physiological origin, it remains to R

be shown whether this separation can be done accurately or at Q. =UVv” (4)

the expense of a distorted physiological variability. In order _ .

to study this aspect, an action potential model is here usfiere the columns o and V are the left and right eigen-

for generating controlled morphologic variability of the body€ctors of the matrbC = ZJTZ%. The matricesU andV
surface potentials [9], [10]. are obtained by singular value decomposition (SVD{of.e.,

C = UZVT (the diagonal matrix®> contains the singular
values). The index has been attached Q. in (4) since this
estimate is only optimal for one particular valuerofThe esti-

This section summarizes the essentials of a recent methage ofq can then be calculated sin€g. is available
for spatiotemporal alignment of VCG loops [3]. The method is

II. VCG LOOPALIGNMENT

based on a statistical signal model in which it is assumed that tr (ZTQTZRJT)
an observed VCG loop of the QRS compléxderives from a by = — (5)
reference loofZ r but has been altered by a series of transfor- tr (JZZEZRJT)

mations. The matri% is 3 x K with each row vector contains

samples of an ECG lead. The reference ldgpis 3 x (K +2A) Where tr denotes the matrix trace. The time synchronization pa-
and hagA additional samples in order to allow for observationgameterr is estimated by means of a grid search for the allowed
which constitute different subsets &f samples fron¥z. The set of values

tilde indicates thaZz has been augmented with samples. The . ] . )

following three transformations are considered for modeling ac- 7 = argliin 1Z - 4-Q-ZrI- || (6)

tivities of extracardiac originScalingby the positive-valued, ] ] ] ) .
parameter allows for loop expansion or contractiantational The estimate is then used to determine which of the estimates

changes of the heart which are due to, e.g., respiration are Bdhe setof estimates, andQ. that should be selected to yield
counted for by the orthonormas, x 3 matrix Q (it should be & andQ. _ _ _

noted that the rotation matrix is fixed during the entire QRS in- The above loop alignment technique requires that the refer-
terval); time synchronizatiois introduced in the signal model €Nce l00fZ, is availablea priori for alignment to the observed
by the shift matrixJ . Due to the larger size &g, the observed 00P Z. In this study,Z  is simply selected as the first loop of
loop Z can result from any of thé2A + 1) possible positions the loops available for alignment. Another approach of choosing

in Zx. The shift matrixJ, is defined by the integer time shift Zr IS, €.9., updating itrecursively among already aligned beats.
With these choices &g, it is obvious that the alignment &5

Oa+r to Z, as described by (3), can be done in a dual manner by in-
J- = 1 (1) stead alignindZ to ZR. In the following, each observed loop is,
OA—r therefore, aligned t@ g and considered for further morphologic
wherer = —A, ..., A. The dimensions of the top and bottomanaIyS|s after compensation by the estimated transformation pa-

zero matrices in (1) are equald +r) x K and(A —7) x K, rameterg (the def|n|t|_or_1 d r and the dual alignment was dis-
respectively. One of the zero matrices vanishes whiert-A cussed in more detail in [3]).
' ) The three rotation angles can be obtained from the estimated

The identity matrixl is K x K. The2A samples of the refer- . . oo . X
L . rotation matrixQ by viewing this matrix as a product of three
ence loop are equally divided into samples prepended and ap-

pended to the QRS centered interval, respectively. The obsefanar rotations. Itis shown that angle estimates can be obtained

tion model for one beat is thus described by by 3]
Z=0oQZp), +W ) ¢y = arcsin(qgy,3) ()

where the transformed reference loop is assumed to be addi-
tively disturbed by white, Gaussian noi¥e€. X _ G1 o
Maximum likelihood estimation has been applied to the Yx =arCSlll<COS;ﬁy> (8)
problem of estimating the parameters that minimize the Eu-
clidean distance between corresponding points of the VCG
loops. The optimal estimates of Q and+ can be found by

« . 4.3
solving the following minimization problem Pz = arcsi <COS ¢Y> : ©)

2

Cmin

— i — Q7 2 .
T oG 12 = aQZr -l (3) whereg,, », denotes elemerfin, n) of Q.
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v(k) 2) Body Surface PotentialsSince the relationship between
________ electrical excitation of cardiac tissue and body surface potentials
Action potential Body surface || Respiratory I is complex, a simplified approach is used in which body surface
model U(k)|__projection | y(k} model l=(k)  potentials are linearly related to the potential differences be-
[ Noise model I tween the endo- and epicardium. The surface Igdé3 (3 x 1)

are obtained by

Fig. 1. Block diagram of the cardiac simulation model.

y(k) = P(us (k) — un (k)" (13)
[ll. SIGNALS FOR PERFORMANCEASSESSMENT
Both simulated and recorded ECG signals were employed Wﬁere theP matrix
assessing the performance of ML loop alignment. In particul%rmo the leads in t
the simulation approach was adopted since it allowed better ¢
trol of the degree of morphologic beat-to-beat variability.

(3 x K) projects the potential differences
he vecter(k) that is a three element vector
?@bresenting the VCG signal. In practice, the projection matrix
P is unknown and, therefore, has to be estimated. This can be
A. Simulation Model done by reversing the above procedgre: [mowledge of the sur-
] . . face leads and the membrane potential differences can be used
The main blocks of the simulation model are presented belQWinser p [11].

(Fig. 1). The cardiag acti.on poteljtial model was originally de- |, this studyP is determined such that the leagd:) closely
veloped by Wohlfart in a time continuous framework [9] but WaSssembled those of an orthogonal VCG lead configuration

later recast into matrix formulation better suited for computery y- Z) recorded from a healthy subject, see Fig. 2(); this
simulation [11]. A very brief description of the action potential g ticylar choice o is used for the performance assessment
model is here provided with the primary aim to introduce thﬁresented in Sections IV-A and IV-B.

parameter controling morphologic variability; a complete de- 3) Noise Model: The simulation model is extended to ac-

scription of the model is found elsewhere [9]-{11]. count for noise of extracardiac origin, e.g., due to respiration

1) Action Potential Model—Morphologic Beat-to-Beat Variznq myscular activity. Such modeling is done, similar to the

ability: The propagation of action potentials in cardiac tissuefgop alignment model in (2), by assuming that the legdis)

represented by a matrix af x /V elements which represents 8, (13) are transformed by scaling and rotation but now on a
two-dimensional model of the heart wall{ and N refer to the sample-to-samplbasis

width and length of the wall, respectively)

wak) (k) wi (k) 2(k) = a(B)QUR)y () + v(k). (14)

usi(k) - gy (R) (k) The matrixQ(k) can be computed as the product of planar ro-

wherew,, (k) is the membrane potential at sampleof the tations with time-varying angles [11]. Itis assumed that angular
(m,n)th compartment. The top and bottom row; (k) and Variation is proportional to the amount of air in the lungs during
uy/(k), represent the potentials of the endo- and epicardiumlespiratory cycle, a property which is modeled as the product
respectively. of two sigmoidal functions reflecting inhalation and exhalation,

Action potentials are simulated by means of ion currentéspectively. The angular variation around I€&ds defined by
stimulus currents and intercompartmental currents considering
the states of cell activation and inactivation and membrane 1 1
potential differences. Within this context, morphologic px (k) =nx <1 +6)\i(k—ni)> <1 +6Ae(k—ne)> (15)
beat-to-beat variability is introduced in the model, (11) found
at the bottom of the page, by assuming that the intercompart- . L o )
mental currenj; (k) is proportional to the voltage differenceWhere the duration of inspiration ar_1d expiration is d_etermmed
between two adjacent compartments in the same column. H&Pé (he parameters; andA., respectively. Another pair of pa-
the functiong; (k) can be viewed as a time-varying conductivitf@Meterss:; andr., describe the time delays of the sigmoidal
between the endo- and the epicardium and is modeled b&_ugctmns. The inhalation and exhalation become separated in

random sequence of uncorrelated, Gaussian variables time whens, is different froms;. The parameteny defines
the range of the angle variation. Similar variational patterns can
Bi(k) € N(mg, 03). (12) naturally be defined for lead$ andZ, however, these rotation
_ Bi(k) (i1 (k) —ai(k)) i=1
Ji(k) = ¢ Bi(k)(wig1(k) — (k) + (wimi (k) —wi(k))) i=2,..., M -1 (1)

Bi (k) (i1 (k) — wi(k)) =M
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Fig. 2. Morphologic variability shown as 50 superimposed beats (a) of the simulatedgignalos = 0.0025), (b) after rotation around th& -axis(nx =
15°), and (c) after white noise has been added & 10.V).

angles were set to zero. The sigmoidal pattern is defined by thathesized by linear combination of the 12 leads using the

following parameter setup: inverse Dower weighting matrix [13]. For each subject, an
average beat was computed from normal sinus beats in order to
A\ = —20£, = 0'35§’ A = 15£’ obtain a low noise level of the reference loop.
s Jr s
e —0 GE IV. PERFORMANCE OFVCG LOOPALIGNMENT
Jr The performance of the alignment method is evaluated below

The respiratory ratg, is set to 0.2 Hz and the sampling rate in terms of removing extracardiac noise in the presence of
to 1000 Hz. The scale factar(k) in (14) is set to unity at all morphologic variability (Section 1V-A), accuracy of alignment

times in this study. The additive noisé) is assumed to be aparameter estimates (Section 1V-B) and sensitivity to various

white, Gaussian process with varianggand has no interlead Ipop morphologies (Se(?tlon IV-C). Rgsults _presented n _Sec-
correlation. tions IV-A and IV-B derive from the simulation model while

Fig. 2(b) presents the combined effect of morphologic Valri_esults in Section IV-C are based on the ECG database.
ability and rotation, as introduced by; andQ(%), respectively.

Since rotation takes place around tEeaxis, only lead§” and _ .
Z are influenced. Finally, Fig. 2(c) shows the end result of the 1) Performance MeasuresThe effect of loop alignment is

A. Morphologic Beat-to-Beat Variability

simulation model. studied by means of performance measures which reflect mor-
phologic variability in relation to a reference beat. These mea-
B. ECG Database sures are computed for beats at different stages of the simula-

The effects of loop morphology on the alignment proceéLo” model: for 1) nqise-free beats (i.e._, before white noi;e ha_s
were investigated by means of a database containing subjdt§§n added), 2.) noisy beats, and 3) aligned beats. Starting with
referred for myocardial scintigraphy [12]. Thirty-four subjecté€ measure at the third stage, this measure reflects sample-to-
without any signs of ischemia or infarction were included fof@mple morphologic variability after loop alignment and is de-
this study. The ECG signals were recorded during rest forfiged by
min using a standard 12-lead configuration. The acquisition B
was done at a sampling rate of 1000 Hz using equipment b 201y — G (k) — v 2
Siemens-Elema AB[,) S%Ina, Sweden. The Vqusignal wa;/ (k) B ;(yz(k) y(k) (16)
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Fig. 3. Morphologic QRS variability of (a) noisy bedts and (b) aligned beats, [cf. (19)]. The variability of the noise-free beags is plotted as a solid line
foro, = 0 uV.

whereB is the number of beaf3 = 500), ¥;(k) theith beat the bottom panel, it is obvious that the variability due to rota-
of the aligned signal angl(%) is the reference beat (which heretion can be essentially removed at low to moderate noise levels
is taken as the average of the noise-free beats, cf. [4] and [12}hile beat-to-beat variability caused by remains. It should

It should be noted that the quantities in (16) are vector-valudzke noted thaf, and&; in Fig. 3(a)—(b) have been corrected by

In order to compare morphologic variability at different noissubtraction of the noise variance. Therefore, the increaean
levels, the noise variance should first be estimated and corredistteasing noise levels is essentially due to less accurate align-
for in each lead. An estimate of the noise variance is obtainetent.

by Two examples of different morphologic variability are
L studied in further detail (Figs. 4 and 5). The first case has
. 11 . _ low noise level and low morphologic variability. In this
== i(k) =y (k)2 17) @ pholog y
Tvy 1o B ZZ(y (k) = (k) (17) case, variability due to rotation is removed from the aligned

) beats while the morphologic variability of the noise-free beats
The interval was located before thewave onsetl, was Setto remains. The second case contains beats with considerable
50 ms) since it essentially contains variability due to noise. Thgorphologic variability at a high noise level, see Fig. 5. The

noise-corrected variability function is then defined by effect of rotation is again considerably reduced by alignment,
however, the sample-to-sample variability of the aligned
Py(k) = g}?,(k) - 6575,. (18) beats no longer coincides with that of the noise-free beats, cf.

Figs. 4(d) and 5(d).
Finally, the over-all measure of morphologic QRS variability is

obtained by summation af (k) during the QRS interval B. Estimation of Alignment Parameters
Rotation angles can be derived from the estimated rotation
& = Z Py (k). (19) matrix Q The results presented below are similar to those in
kEQRS Sections Il in the sense that the estimated angles are compared

to the ones of the model at different levels of morphologic vari-

For the noise-free and the noisy beats, morphologic vagbility and noise.
ability is computed in a similar way and the subindexeendz 1) Performance Measuresin the alignment method, the ro-
are attached instead (evidently an estimate of the noise variatst®n matrix is estimated only once for tith beat QZ and the
is not required for the first measure). relateds x ;, v, andg z ;) while the rotation of the simulation

2) Results: Morphologic variability before and after loop model is a time-varying function, i.eQ(k), ¢ x (k), ¢y (k) and
alignment was investigated in relation to the noise leveand (k). In order to compare these two quantities, the average of
the morphologic variabilityrs, see Fig. 3. As reference valuethe model rotation angles during thh QRS complexg;, is
the same measurements for the noise-free beats are plotted @scal as reference value. The error measure for the angle esti-
solid line in Fig. 3(a) and (b). mates is given by

In the upper panel, the morphologic variability before align-
ment is a combination of physiological effects, rotation and ad- B
ditive noise. The variability,, in leadsY andZ is larger than §p = 1 Z(@i —@;)2 (20)
in lead X because of the rotation around theaxis only. In B im1
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Fig. 4. Anexample of small morphologic variability and low noise leve) & 0.001, o, = 2 pV). (a) Noise-free beats. (b) Noisy beats. (c) Aligned beats. (d)
Corresponding QRS variability for the beats in (a), (b), and (c) plotted with solid, dotted, and dashed line, respectively. Note that the timeaseéfieds(d)
during the QRS interval.

whereg; = [¢x,; ¢y @Zji]T. It should be noted that a small The accuracy of the estimated scale factor is presented in

error is always present in (20) due to the once-per-beat estimaig. 6(b). In contrast to the angle estimates, no sharp increase in

of the loop alignment method. Fortunately, this error is neglé; can be observed at higher noise levels but instead the increase

gible except for when extremely rapid changes occur in the rig-rather gradual. However, the results in Fig. 6(b) indicate that

tation angles. the scale factor estimate becomes biased at high noise levels and
In the same way, the accuracy of the scale factor estihatethat & decreases, in general, for an increasinglt should be

can be judged by comparison to the average vajuss obtained recalled thaty(k) was identical to one in the simulation model

from the model scale functiam(k). The resulting error measureat all times.

is denoted withb, and is a scalar version of the definition in For a somewhat higher noise level,(= 16 V), it is ap-

(20). parent that the estimated rotation angles follow the true values
2) Results: The resulting error measuég for the angle es- very well, see Fig. 7(a). For a slightly increased noise level

timation is presented in Fig. 6(a) for different degrees of mofe, = 24 1.V), however, the rotation is no longer reliable for all

phologic variability,o s, and noise levelsy,,. An interesting be- beats, see Fig. 7(b). In such cases, anomalous angle estimates

havior can be observed in led where a distinct noise level result at various points in time [at 11, 14, and 19 s in Fig. 7(b)].

exists above which the performance rapidly deteriorates and es-

timates with large variance result. Here, this level is referrégt Dependence on Loop Morphology

to as thebreakdown noise leveThis behavior can also be ob-  An interesting extension of the results presented in Sections

served in the other leads but the decrease in performance isIWA and IV-B is to investigate the relationship between loop

as drastic as in lead. morphology and breakdown noise level. This relationship is
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Fig. 5. An example of large morphologic variability and moderate noise levek 0.004 ando, = 24 pV); seeFig. 4for further details.
here pinpointed by use of the ECG database where variousere the maximum erro\¢,,,, is
degrees of white noise has been added to each averaged beat.
1) Performance MeasureLoop morphology was character- APy, = max @i s, — Fio, (23)
T

ized by an over-all measure reflecting the planarity of a loop.

This measure is defined as the ratio between the minimum afgh1 s a vector with all elements equal to one. The choice of

the maximum singular values of the VCG loop matrix threshold valuey was based on the observation that the error

A, issmall below a certain noise level while then rapidly in-

creasing to a considerably larger error value. By settimgjual

tox /10, the noise level at which angle estimates became anoma-

The limiting values ofp are zero and one which, thus, corlous wa; accurately identified. The noise lewgl was incre-

respond to an entirely planar loop and a loop which extengénted in steps of aV. .

equally into all three dimensions, respectively. _ 2) Results: Fig. 8 shows that the accuracy of loop alignment
The breakdown noise level, is taken as that noise level'S Strongly dependent on loop morphology since the breakdown

which produces angle estimation errors which in each lead &@ise level ranges from bV to 70 ;V. It should be noted that

ceed a certain threshold valye The vector definition of these the breakdown noise level is selected from the lead with the
noise levels is given by lowest level. These results also suggest that an essentially linear

relationship exists between loop planarity and breakdown noise
level. Fig. 9 exemplifies the range of this level by means of two
(22) 0= i .

loops with high and low degree of planarity, respectively, and

1Each loop in the database was normalized using the Frobenius norm in or@gCOTdingly alow and high breakdown noise level, respectively.
to reduce the influence of differences in signal-to-noise ratio. Itis obvious from Fig. 9(a) that the planar loop is almost entirely

_ Omin

(21)

OIIIHX

7, = argmin |Ag,, — x1|
oy
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00N

Fig. 6. Error measures for (a) rotation angle estimates and (b) scale factor estimates as funeticarsdaf, . () The average of the scale factor estimates (note
that the noise levet, is shown in reversed order to simplify the interpretation of the diagram).

° l , ‘ . e T (b)

5 Br i b
N ‘
=50 i " ! .
; y V
75 1 I I ] 1
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Time [s]

Fig. 7. Estimation of rotation angles at differing noise levels. (a) Angle estimates fromlgads and.Z are shown with dotted, dashed, and dash-dotted line,
respectively, fow, = 16 V. (b) As in (a) but witho, = 24 pV. The morphologic variability was set 195 = 0.004. The solid line shows the original angle
variation in leadX . Note that the scales of the vertical axes in (a) and (b) differ.

o 80 inscribed by two dimensions due to an almost linear dependence
E o between the transformed leali$ andY” (the transformation is
g 60 © explained in the figure text). In Fig. 9(b), the loop extends into
f all three dimensions and, accordingly, the corresponding break-
3 40 ©c © down noise level is much higher than for the case in Fig. 9(a).
=
= &
(=3
P 4
g 9 V. DISCUSSION
i |@
O 005 01 o1z oo A. Simulation Model
1 lanarit . . . . .
o0P planatiy An important advantage with the simulation approach is that

Fig. 8. Breakdown noise level as a function of loop planarity. Note that tﬂ@e_ m_orphOIOgi.C QRS variability is assigned a parametric de-
breakdown noise level is taken from the lead with the lowest level. scription, here introduced by the parametgr This property
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alignment while the underlying morphologic QRS variability
was not much influenced. At high noise levels, the variability

. 400 measurements;, became biased because the performance of
Z 200 the loop alignment method deteriorated. This property is, of
X 0 course, closely related to the breakdown of the angle estimates
g 900 as characterized by the diagrams in Fig. 6(a). However, it should
— be noted that measurements on morphologic variability does not
_‘fl%% L exhibit a breakdown noise level as striking as that of the angle
200 0 200 600 800 estimates, cf. Fig. 3(b) versus Fig. 6(a).
-200 200 Although the results on morphologic variability were based
Lead Y’ [uV] 400 208 Lead X' [uV] on only one particular loop morphology (selected from a normal

subject), a wide range of other morphologies can easily be sim-
ulated by means of different body surface projection matrices
P. The variability measureg; andé; were computed for sev-

eral other morphologies but only the latter measure turned out
to possess a strong dependence on morphology; further results
related to&y were, therefore, omitted.

(a)

C. Loop Morphology

Although VCG loop alignment has been investigated within
several contexts in the literature, the relationship between loop
morphology and noise level established in Section IV-C appears
to be new. By using a measure related to loop planarity, it was
demonstrated that the alignment breakdown noise level had an
essentially linear dependence on loop planarity, cf. Fig. 8. This
result thus implies that the measurement of noise level and loop
planarity can be motivated for prediction of loop alignment re-
liability.

Fig.9. VCG loops with (a) alow (p = 0.015) and (b) a highp (p = 0.12). Normal subjects have VCG.Ioops yvhich, in ger_1er.al, are more
The loops have been rotated to their singular planes whereY”, andZ’  planar than those of, e.g., patients with myocardial infarction. It
corresponds to the axes of the singular values in decreasing order. is well-known that myocardial damage is often associated with
loops which include bites, abnormal transitions or sharp edges

is critical when assessing the compensation of, e.g., respif4lich makes the loop less planar [15]. Therefore, such differ-

tory activity in the presence of morphologic variability. SeverafNces in loop characteristics imply that alignment can be ex-

rather complex models of cardiac action potentials have be@ffted to be more robust in infarct patients than in normal sub-

described in the literature, see, e.g., [14]. The action potentli%?ts- The results presented in Section IV-C are of limited value

model in [9] was considered suitable because of its simplici§jce they are based on a rather small database.

and its modest computational demand while still providing suf- Although the effects of a time-dependent scale faatok),

ficient waveform fidelity for the present purpose. were not explicitly studle_d, important insights of the prqpertles
The effects of respiration were described by a sigmoid@f & were, nevertheless, inferred whefi:) was setto one in the

variation pattern of the rotation angles assumed to refld¥@iSe model. Most notably, it was found thiabecame increas-

changes in lung volume during inspiration/expiration. Sever&dly biased (underestimated) as the noise leyahcreased. It

alternatives to that pattern were investigated but did not prodJ&nains to be explained what causes the bias in

results which differed significantly from those presented here.

For example, other angular patterns, e.g., a sinusoidal one, REFERENCES

were studied as well as the effect of increasing respiratory[i} j. rayn, P. Rubel, and P. Arnaud, “A new methodology for optimal com-

rates, ranging up to 30 breaths/min, but these modifications parison of serial vectorcardiogramsZomput. Cardiol. pp. 467-470,

had negligible influence on the various performance measures,, 1983.

(b)

. . . P. Rubel, J. Fayn, J. L. Willems, and C. Zywietz, “New trends in serial
Rotation was introduced around tieaxis only, however, from ECG analysis, . Electrocardiol, vol. 26, pp. 122—128, 1993. (Suppl.).

a mathematical point of view there is no fundamental difference[3] L. Sérnmo, “Vectorcardiographic loop alignment and morphologic

between rotation in one or in several leads when performing gigtl't_ol'i’le:?t B’:g'altg'gg'"'EEE Trans. Biomed. Eng.vol. 45, pp.

the SVD. As a consequence, rotation in several leads does nqly k. prasad and M. Gupta, “Phase-invariant signature algorithm. A non-
produce results which differ from those of a single lead. invasive technique for early detection and quantification of Ouabain-in-
duced cardiac disorders&ngiology vol. 30, pp. 721-732, 1979.
. o [5] S. Ben-Haim, A. Gil, Y. Edoute, M. Kochanovski, O. Azaira, E.
B. Morphologic Variability Kaplinsky, and Y. Palti, “Beat to beat variation in healed myocardial
. . infarction,” Amer. J. Cardiol. vol. 68, pp. 725-728, 1991.
The measurements presented in Fig. 3 clearly showed tha[%] G. Shawand P. Savard,“Onthedete(F:)t‘i)on of QRS variationsinthe ECG,”

variability due to respiration was substantially reduced by loop  IEEE Trans. Biomed. Engvol. 42, pp. 736-741, July 1995.
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(7]

(8]

[9

—

(10]

(11]

(12]

(23]

[14]

(18]

processing, especially problems related to ECG signal processing.
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