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Abstract as a measure of dispersion of repolarization [3]. Changes
in this interval have been linked to alterations in spatial dis-
In predictingthe risk of suffering from ventricular ar-  persion of repolarization that may be prognostic of arryth-
rhythmias, the dynamics of QT and T-peak-to-T-Efd ) mic risk under a variety of conditions [4]. Repolarization
intervals after tianges in heart rate (HR) provide richer indices such as the QT interval or tfig. interval depend
information than their values themselves. In this study, on heart rate (HR) [5, 6] and such a dependence has also
QT/RR andl,,./RR dynamics werinvestigated. Electro- been related to arrythmic risk [7]. In this paper QT and
cardiogram (ECG) recordings of healthy subjects were an- 7T}, interval responseto HR changes are characterized,
alyzed during a head-up tilt test. ECGs were delineated us-with those intervals delineated using both single-lead (SL)
ing multi-lead (ML) and single-lead (SL) techniques and and multi-lead (ML) techniques.
the QT andT,. intgrvals series wer .obtained.. QT/RR 2 Materials and methods
and7,./RR dynamics wermodeled using a nonlinear sys-
tem, from which the time constant of adaptatigp was 2.1. Materials
derived. QT/RR dynamids similar using SL or ML de- ECG recordings frona database acquired at the Uni-
lineation, with adaptation times being;; [s] = 49.7 +/- versity of Zaragoza for the study of the autonomic ner-
29.0,t [s] = 47.1 +/- 20.1. TheT,, interval responded o5 system (ANS-UZ) were analyzed. Recordings were
more abruptly to HR when calculated using SL as com- gpained from 15 healthy subjects (11 males, 4 females)
pared to ML. Consequentl{,./RR dynamics werchar-  \ith no previous medical history related to cardiovascular
acterized by different adaptation time constants depending yiseases and with a mean age of 28.%.8 years. Each
onwhether SL or ML was usetf; [s] = 25.6 +/- 37.3, t recording consists of 8 ECG leads, sampled at 1000 Hz,
[s] = 56.4 +/- 48.3. QT dynamics can be invariantly char- - 5cquired during a 13-min head-up tilt test (4-min supine,
actepzed using elther_S_L or ML delmeatpn, whilg. dy- _ 5-min at 70, 4-min supine).
namics arehighly sensitive to the delineation method. Dif-
ferences arise from the way SL and ML delineation are af- 2.2.  Methods
fected by T—yvave_ Ioo'p rotation..Ca.re shogld be taken when2_2_1_ Signalpreprocessing
electrophysiological interpretation is provided to measure-

ments obtained from one or the other delineation methods. Preprocessing of theCG signals includes low pass fil-

tering at 40 Hz to remove electric and muscle noise and

. cubic splines interpolation for baseline wander removal.

1 Introduction R
Clinical and e&perimental studies have suggested that 2.2.2. Repolarization indices

abnormalities of ventricular repolarization play a role in QT and7), intervals werecomputed using both SL and

the genesis of ventricular arrythmias [1]. The QT inter- ML delineation techniques.

val of the electrocardiogram (ECG) is the most extensively « Single-Lead delineation

used index of repolarization, but other ECG indices related — Selectionof lead with the highest signal-to-noise ra-

to the T wave have been proposed in the last years, includtio (SNR): In each subject, the lead with the highest SNR,

ing the interval between the T wave peak and the T wave estimated as the maximum T-wave amplitude over the root

end (Z.) [2]. The T, interval isgenerally accepted to mean square value of the high-frequency noise (above 25

reflect differences in the time for completion of repolariza- Hz) of the interval from the offset of the QRS complex to

tion of different ventricular regions and has been proposedthe onset of the P-wave is selected. In this database, leads
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V2, V3 or V4 were in all the subjects the leads with the and, correspondinglynore circular loops [10]y¥:[i] se-
highest SNR [6]. ries was computed as the ratio between the second and the
— SL delineation and beat selectionECG delineation first eigenvalue from correlation matri; [9]:

was performed using a wavelet-based delineator [8]. Beat Aaoi]

selection was performed, removing those beats where any Y 1] = 1 (4)

' ¢ Ald]

of the marks corresponding to T-wave onsef: (), T-

wave peak (), T-wave offset ¢S ) or QRS-complex  with R, computed as

onset(nQRSop) was missing. . . R, = XinT, (5)
— Calculation of ygi[i] and yi;e[l] series: or each beat

i, the QT interval was computed as the time interval be- \yherej represents beat indeand X; is the matrixthat

tween QRS-complex onset and T-wave offset: contains in its columns the T-wave complex of the three
. . “ ‘ orthogonal leads (Nx3 matrix) for eacht/i-beat.

Yorlil = (n7,  [i] = ngps,, ()T ) Once the series were obtained, either using SL or ML
wherens: ~[i] and ., [] are thesamples correspond- delineation, a Mt_adian Ab_solute Deviation filter was used
ing to T-wave offset and QRS-complex onset temporal to remove possible outllers.due.to bad quality of the
marks, respectively, and, is the samplingeriod (I, = recorded signals or to the delineation procedure.

1 ms). L :
The T}, interval was computed as the time interval be- 2.2.3. Repolarization adaptation to heart
tween T-wave peak and T-wave offset: rate changes

Yz il = (n3, li] — n (i) T, (2) Once the interal series were obtained, a series vector

y,, was introducedwhere “s” represents either QT @},
intervals. Themodel shown in Fig. 1 was used to charac-
terize the dependence of QT @j. on RR [7]. The input
xe[i] @and outputy,[i] of the system denote the RR and “s”
series of each recording after interpolation and resampling
to a sampling frequency df,,, = 1 Hz.

wherens'[i] is the sample related to T-wave peak.
« Multi-Lead delineation
ML delineationwas performed over orthogonal leads (X,
Y and Z) obtained from Dower’s inverse matrix.

— Computation of orthogonal signals Three orthogo-
nal leads x[n], y[n] and z[n] were obtained by multiplying

the eight standard leads with Dower’s inverse mamix. . v
The transformation equatias: Xrr Zrr A Y.
Y =D7!X ®3) — h > gk(-a) |

whereY represents the matrtkhat contains, columnwise,

the three orthogonal leads aidis the matrix with the Figure 1. Blockdiagram describing the RR to “s” (“s” be-

eight standard leads (I, Ill, V1, V2, V3,V4, V5 and V6). g QT or7,,. intervals) relationshipconsisting of a time

- ML de_Iineation and beat selection ML deIine_ation invariant FIR filter (impulse respond® and a nonlinear
was applied to the three orthogonal leads obtained fromfunctiongk(- a).

equation (3). The 3D T-wave loop built from those leads

was projected over the direction with the highest SNR in

the interval of interest for delineation of T wave onset,  Impulse responsk = [h[1], ..., h[N]]T includes infor-
peak or offset, and, therefore, optimal to be delineated. mationabout the memory of the system, that is, a char-
This method was applied on a beat-to-beat basis, takingacterization of the influence of a history of previous RR
into account that the optimal direction varies depending on intervals on each “s” measurement. Therefagli] rep-
whether onset, peak or offset is being delineated [8]. resents aurrogate ofcqg[i] with the memory effect of “s”

— Calculation of yer[i], yit [l and i [i] series:yg;[i] compensated for. The length N of vectowas set to 150
andyy. [i] series werecomputed as in equations (1) and samples. The functiopy (-, a), dependent on thparam-
(2), but using the marks obtained from the ML delineation. eter vectora = [a(0),a(1)]T, represents the relationship
Additionally, y;[i] series was computed to assess differ- betweerthe RR interval and the “s” interval once the mem-
ences in T-wave morphology between leag.[i] series ory effect has been compensated for.
has beerproposed as a measure of spatial ‘dispersion of The optimum values of the FIR filter resporisevec-
repolarization [9], which can be interpreted as the beat- tor a, and functiory;, are searched fdsy minimizing the
to-beat ratio between the minor axis,§ and the major  difference between the estimated outpli] and thesys-
one()\;) of the T-wave loop. Previous studies have asso- tem outputy[i], for eachsubject independently using the
ciated heterogeneous repolarization with incrementsin  whole recording.
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Table 1. Meant standard deviation across all subjects of
the times required to complete 90%;), 70% ¢,,), 50%
(tso) and 25% {,s) of rate adaptatioor both SL and ML
delineation techniques. In the right column, p-values ob-
tained from a Student’s t-test.

QT QIT™ p-value
too[s] | 49.74+29.0| 47.1+ 20.1 | 0.305
trols] | 32.1+ 16.2 | 24.94+12.1 | 0.152
tsols] | 15.9+9.4 | 13.14+10.7 | 0.143
tos[s] | 3.6+ 2.6 43+5 0.309
160 260 360 400 500 660 760 T;é Tg“l’: p'Val ue
Time [s] too[s] | 25.6+ 37.3 | 56.4+ 48.3 | 0.012
Figure 2. zqqlil, yorli] and yz,,[i] series obtainedrom ?OE} lggi i;i %gi ‘;’;;1 88;8
. . . H 50 . . . . .
SL (red) and ML (blue) delineation for a particular subject bels] | 1.8+ 2.8 6.9+ 14.2 | 0.092

from the database. Dashed lines mark the start and end of

the tilt.

delineation techniques. Agy:[i] and y:[i] rate adapta-

The time required for “s” to complete 90% of its rate
adaptation, denoted hy, is computed bygetting a thresh-
old of 0.1 to the cumulative sum of the estimated filter im-
pulse response, denoted y]:

N
cjl=>_nlll, j=1,..N (6)
l=j

leading to

tionsare similar, it can be postulated that dissimilarities be-
tweeny?fpe[i] and y%w[i] series adaptationarise from the
fact that differences in T-wave peak delineation between
the two methods do not parallel differences in T-wave end
delineation.

Fig. 3 shows three different T-wave loops at time in-
stantgre (before the tilt is startedfur (during the tilt) and
pos (when the tilt has already finished) marked pn([i]
series calculated fahe same subject whose QT alfigl

series are shwn in Fig. 2. Blue axis indicates ML opti-

1
teo = — arg max(c[j] > 0.1), N (1)

m J

j=1,..

mum projection direction for peak delineation, black axis
indicates ML optimum projection direction for offset de-

o o ] . lineation and red axis shows SL direction. Likewise, blue
Other indices describing the time required to complete 544 red dots represent ML and SL T-wave peak marks, re-

25, 50 and 70% of rate adaptation, denoted byt-, and
t.0, Were calculated analogously

3. Results anddiscussion

3.1. QT interval dynamics

The QT intenal responded to abrupt RR changes fol-
lowing an exponential adaptation in all the analyzed sub- 0
jects. An example of that adaptation is illustrated in Fig. 2 N 50
for a particular subject of the investigated database. As can
be seen from Fig. 2, QT dynamics are very similar when
calculated using SL or ML delineation techniques.

To quantify the time required for QT to complete its rate
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spectively, and blue and red stars represent ML and SL
T-wave offset marks.

adaptationt,,, t-o, ts, andi,s indices were measured-he 0.2
results obtained from SL and ML series are shown in Table 5
1. No significant differences were observed between QT

adaptation times calculated using SL or ML delineation.
3.2. T, interval dynamics

The T}, interval respondedb abrupt RR changes in a
rapid way fory%m [i] series, ut more steadily fory;ﬁ;e [i]
series, as illustratech Fig. 2. This effect is reflected in

i .
400 500 600
Time [s]

Figure 3. Dp panels: T-wave loops at time instapte
(before the tilt starts)ur (during the tilt) angos(after the
tilt). Blue and black axis indicate ML optimum projection

the rate adaptation times shown in Table 1, where signifi- diréction for peak and offset delineation, respectively and
cant differences are observed when comparing SL and ML "€d axis shows SL direction. Bottom pang}; [i] series.
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Figure 4. Twave peak and offset marks at time instants [1]
pre anddur delineated over the SL lead (above), the opti-
mum projected lead for peak delineation (below, blue) and
the optimum projected lead for offset delineation (below,
black).

When comparing the loops between instgmsor pos
anddur, it can be seen that blue and black axis follow the [3]
loop’s rotation produced by the postural change. This pos-
tural change also modifies the morphology of the loop, as
yr[i] series shavs in Fig. 3, therefore varying the pro-
jected waves in a significant way fropte to dur or from
durto pos(the former case can be seen in Fig. 4), affecting
T-peak and T-offset delineation marks and, theref@ig,
measure. ML tags the peak mark from the wave obtained
from blue axis (Fig. 4, below, blue) and the offset mark [5]
from the wave obtained from black axis (Fig. 4, below,
black), which will always be later than the one from SL
delineation, and the distance between these two marks i46]
approximately maintained along the record.

SL, on the contrary, keeps the same projection direc-
tion all over the record, and thus peak and offset marks are
both delineated over the same wa¥. computation will
be thenaffected by the rotation induced by the postural
change.

4.

(2]

[4]

[7]

Conclusions

QT andT),. intervals, asvell as their rate dependence,
have been proposed as arrythmic risk stratifiers. However,
the delineation method used for their evaluation must be
carefully considered and analyzed in order to properly in-
terpret the results. As shown in this study, QT rate adap-
tation does not differ when using SL or ML delineation. [g)
T, rate adaptation, lveever, is very sensitive to the delin-
eation method. ML delineation follows electric heart axis
movement to remove the postural change effect, produc-
ing T, series accounting onlfor electrical sources and  [10]
so of flatter rate dependence than those obtained from SL
delineation, which are also affected by T-wave loop rota-
tion. Additionally, the ML delineation provides series with
higher variance, possibly as a result of the beat-to-beat ad-

(8]
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