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Abstract tion dispersion from the surface electrocardiogram (ECG)
was proposed. The proposed ECG measure accounts for
Spatial dispersion of action potential duration (APD) the change inthe T wave peak to T wave end intefgl

restitution (APDR) due to electrophysiological hetero- at two different stationaryRR levels normalized by the
geneities in the heart, has been suggested to act as a podifference of the correspondingR intervals.
tent arrhythmogenic substrate. In this work, we evaluate a In this study, the capability of the proposed ECG mea-
method aimed at quantifying APDR slope dispersiin) sure to provide estimates dfP D R slope dispersion at tis-
from the surface electrocardiogram (ECG). A 2D human sue level is assessed by simulating electrical propagation
ventricular in silico tissue preparation is used, from which in a 2D tissue preparation representing a slice across the
APDR slope dispersionYa*™) at tissue level is computed, human left ventricular wall, and computing pseudo-ECGs.
and compared with simulated estimates calculated from An electrophysiologically detailed human ventricular cell
pseudo-ECGsXa’ ). We show thaha' ~ values in  model [6] is used to generate action potentials. Pacing at
our simulations are in all cases within the range of clini- different RR intervals is simulated to compute dynamic
cal values measured from tilt-test recordings. Then, we useAPDR curves, and eventuallAPDR slope dispersion.
the validated tissue model to relate they - estimate to The 2D tissue ventricular model is indirectly validated by

measurements dfa", and we prove that the mean error comparing the proposed ECG measure evaluated in the
. ———pECG simulated pseudo-ECGs with measurements obtained from
is below 5%. We conclude that the proposkd  in-

d id luabl timat f APDR di . ith clinical ECG recordings. Using the validated tissue model,
€X provides valuable estimates o ISPErsion With e show that the proposed ECG measure properly quanti-
the advantage of being able to be measured non-invasivel

from the ECG. fies APDR dispersion at tissue level.

2. Methods

2.1. Quantification of Restitution Disper-
Heart rate (HR) dependence of action potential dura- sion from the ECG
tion (APD) is thought to be critical in activation instabil-
ity and, therefore, provides relevant information for ven-  Restitution dispersion is quantified from the ECG us-
tricular arrhythmic risk stratification [1]. The dynamic ing theT,. interval, which reflects differences in the time
APD restitution AP DR) curve, measured using the so- for completion of repolarization by different cells spanning
called dynamic restitution protocol, quantifies the relation- the ventricular wall. Therefore, tHE,. interval can be ex-
ship between thedPD and theRR interval (inverse of  pressed in terms of APDs as follows:
HR) at steady-state when pacing at differ&m intervals .
[2]. Heterogeneities in the ventricle lead to non uniform Tye = APDiast = APDrin = AAT @)
restitution properties, which makes? DR curves present  whereAPD,,;, corresponds to the cell with the minimum
spatial variations [3]. Recent studies have suggested that4 P D among those which are currently repolarizing at the
dispersion in theAPDR curves may act as a potent ar- T wave peak instantdPD,,; is the APD of the last cell
rhythmogenic substrate [4], and increments in that disper-to repolarize and\ AT represents the activation time delay
sion have been associated with greater propensity to suffelbetween both cells. Thid AT delay hardly changes with
from ventricular tachycardia/fibrillation. RR for RR intervals above 600 ms [6]. Therefore, deriv-
In a previous study [5], a method for quantifying restitu- ing 7). with respect taRR, and restricting to the dynamic

1. Introduction



protocol, where each value of tieP D R curve represents 1ensENSOR POSITIONS
a steady-statd P D value: .
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where APD%" and T refer to the steady values of
APD andT,. for eachRR interval. If we letagqs: and -
amin denote the slopes of the dynamic restitution curves at

the regions corresponding #PD;,s; and AP D,,;,,, the

differenceAa = ayus¢ — min, Which measures dispersion

of restitution slopes, can be estimated from the ECG by:

——ECG ATdeyTL . . . . . . . . . .
Aa = P (3) Figure 1. 2D tissue slice used in the simulation, with indication

ARR of the default cell type distribution across the ventricular wall,

where quantification is done by using stable ECG seg- and sensor positions used for pseudo-ECG computation.
ments, as required in the dynamic protocol, at two different
RR intervals. [11]. To represent possible heterogeneities in human hearts
) ) ] and measure a range of plausible restitution dispersion val-
2.2.  Computational modeling and simula-  ues, the effect of varying the percentages of cell types
tion within the ventricular wall is evaluated by considering
, ) , o .. additional distributions of 65/35% and 90/10% of mid-
Computational modeling and simulation is used in this v qcardial/epicardial cells. For each cell type distribu-
study to assess hgvl;tpctee proposed estimate evaluated frorﬂon, APDR curves are computed by pacing the 2D tis-
the pseudo-ECGA«a , represents dispersion of the sue preparation at differe®R intervals, following the
APDR slopes at tissue level. so-called dynamic restitution protocol [12]. Dispersion of
Propagation in a 2D tissue slice 7.5 cm long by 1 cm APDR slopes at tissue level is denoted Ayv*™ and is

wide, representing the base to apex and the endocardiakomputed from the results of the 2D simulation as follows:
to epicardial distances, respectively, as shown in Fig. 1

is simulated using the human ten Tusscher action poten- w OAPDIT 9apDI
tial model [6], with numerical integration performed as Aa™ = ORR __ ORR (4)
described in [7]. The ten Tusscher model describes the

principal ionic currents through the cardiac cell membrane where APD;%Z and Appfgs’z are defined as described
with hlgh degree of electrophysiological detail for the three jn section§2.1_ Estimations ofAa®™ are Computed from
types of cells in the ventricular wall: endo-, mid- and epi- each pseudo-ECG (each one measuring the extracellular

cardial cells. The conductivity of the tissue along the fiber potential at one of the sensor positions shown in Fig. 1):
direction is set tar;,= 0.0013 cm/ms, which leads to a
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maximum conduction velocity of 71 cm/s. Perpendicu- ——pECG ang"

lar to the fiber direction, the conductivity ésr= 0.00052 ® T ORR ®)

cm?/ms, resulting in a conduction velocity of 42 cm/s,

based on [8]. A transmural linear variation of the helix 3. Results

fiber angle from +60 degrees at the endocardium to -60

degrees at the epicardium is assumed based on [9]. 3.1. Evaluation of the 2D simulations:
As illustrated in Fig. 1, two areas are stimulated simul- Comparison between pseudo-ECGs

taneously: 1 cm at the top of the base and 0.5 cm at the and clinical ECGs

bottom of the apex, based on the activation sequence re-
ported for an isolated human heart in [10]. Transmural The 2D tissue model preparation yields an activation se-
heterogeneities are included in the 2D tissue preparation byquence that is in good agreement with the experimental
using two cell types: midmyocardial and epicardial cells. results reported in [10]. Fig. 2 shows a simulated se-
In order to match the complete activation sequence of [10] quence of voltage representation during steady-state pac-
and to account for the influence of Purkinje fibers, endo- ing at 1000 ms, with indication of the timing correspond-
cardial cells in the simulated preparation are replaced withing to the T wave peak and T wave end in the pseudo-ECG,
midmyocardial cells, known to have longer APDs. and of the regions whet&PD,,,;,, andAPD,,,; are com-

The distribution of cell types in the simulated tissue is puted. Since our 2D preparation includes only transmural
80% of midmyocardial cells and 20% of epicardial cells heterogeneities, the time instant corresponding to the peak



of the T wave coincides with the time at which complete Ao ‘ ‘ ‘ ‘ ]
repolarization of the epicardium occurs. 350 //_ |
In Fig.3, the difference betweehP D¥"* andAP D" D300 ]
. . ! I — APD®™
is compared with the steady—stdfggm interval computed s APD
at different sensor positionpécglandpecgy. Note that "?o 200 — Angg‘gf APDEY™
AAT (not shown in Fig. 3) is constant during the whole T 1eo - T, (pecg)
RR range. < Lob ~ - T (pecgd
As an indirect validation of our 2D tissue model, steady- o
stateT,%™ values computed at differedR intervals in

tilt test ECGs and in simulated pseudo-ECGs are com- 00 600 Sb%R ﬁrg‘)s? 1200 1400

pared. Fig. 4 shows three regions corresponding to simula- T

tions using cell type distributions of 65/35%, 80/20% and Figure 3. For 80/20% cell type distributiod P D curves and

90/10%. Each region represents the range of Steady-stat@e'r relation with steady-stafg,?" interval derived fronpecgl
dumn . andpecgbare shavn.

[RR, Ty¢"] curves computed for pseudo-ECGs at eight

different sensor positions. The upper curve corresponds

to pecgland the lower togpecg5sensor positions. The Simulated - Measured C?glsl/’g;;?t Svg(;gge(("l/tgry)
d i : ———PpECG ——ECG () -0. - ()
steady-stateR R, T,2"] values obtained from the tilt test Ao’ (pecg) - Aa (80/20%) | -0.0107-23%)

recordings are superimposed in the same graphic. Simu- —— ¢ —ccc (65/35%) | -0.0089 (-16%)
lated values off},. at differentRR intervals for 65/35% Ao (pecg - Ao (80/20%) | -0.0084-10%)
o N
and $0/.20/0 (defaul) cell type distributions are foqnd to Table 1. Average value across subjects of the difference be-
be within the range of values measured from the tilt test yeen the estimates measured from the simulated pseudo-ECGs

recordings. However, simulatdd,. values for the 90/10% in pecgland pecgs(ZEpECG), and from the tilt test recordings

percentage are outside the range of the tilt test recordmgszaecg Different percentages of cell types have been used to de-

After confirming the good agreement of the R, T;iey"] rive the pseudo-ECGs.

curves between pseudo-ECGs and clinical ECGs, the resti- ) )
tution dispersion estimates are also compared. Table 13.2.  Assessment ol D R dispersion quan-

quantifies the differences between pseudo-ECG-based es- tified from the pseudo-ECG
———pECG
timates of APDR dispersion,Aap (equation (5)), at _ ) _
sensor positionﬂecgland pecg5 and ECG-based esti- APDR Slope d|SperS|0n at tissue |eVe|, denoted by

mates,ZEECG (equation (3)), obtained from the tilt test Aa™ (equation (4.1)),.ha§ been computed for each of the
three cell type distributions. Aa®™ is used to assess

recordings described in [5]. Both the average differ- hether A ™ df do-ECGs. i g
betweeda ™ ted i 1and d w _et erAa , compute rom pseu o-_E s, is a goo
ence betweetha:  (computed irpecglandpecg an ] estimate ofAPDR slope dispersion. Fig. 5 shows the

——ECG
Aa , and the average percentage of the difference are ) —pECG
ge p g comparison betweefA o™ andAa’ computed at sensor

shown in Table 1. Differences are below 20% in mean, o e
which are within physiological variability limits. positionspecg3andpecg5for the default cell type distri-
bution 80/20%. The error betweéxn®™ andAa  from
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Figure 2. Top panel: simulated sequence of isochronic voltage Figure 4. T%" as a function ofRR from tilt test recordings

rgpresentation during steady-stgte pacing at 1000 ms. The pOSi'(in squares) Zr:lend from simulations. For the simulations, the re-

t;:)nTof the tvvodCAe}I%corr?spohndlng dmf ﬁ"“.l? for the peal;l of gions correspond to cell type distributions of 65/35%, 80/20%

the T wave an last fOr ¥ e'en ofthe T wave, are shown 54 90/10%, and each region represents the influence of comput-

with a gray point. Bottom panel: derived pseudo-ECG. ing steady-stateR R, ng“] curves for pseudo-ECGs at different
sensor positions.



bothpecglandpecg; relative to the slope range, is found
to be 5% in average.

ing the mean error relative to the slope range below 5%
(see Fig. 5).

In brief, the ECG estimate proposed in this study pro-

4. Discussion and Conclusions

vides a valuable quantification ofPDR dispersion, be-

. ) o o ing able to be measured non-invasively from the surface
In this study, electrical propagation in a cardiac tissue gcg.

has been simulated to assess the validity of a method aimed

at quantifyingA P D restitution dispersion from the surface  ACKnowledgements
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this study has been shown to reproduce experimentally ob-
served data oM P D restitution in single cells from epi,
endo and midmyocardial regions correctly [6]. Character-
istics of the 2D tissue model proposed in this work, such as
dimensions, conduction velocities [6, 8], transmural varia-
tion of the fiber angle [9], and heterogeneity of cell types 2]
across the ventricular wall [11], are in agreement with ex-
perimental studies. The simulated activation sequences is
in good agreement with those obtained in isolated human(3]
heart sections reported in [10].

Experimental studies in canine wedge preparations [8]
show that in case of having transmural heterogeneities
only, the time instant of the T wave peak corresponds to
the complete repolarization of the epicardium. This agrees[4]
with results from our 2D simulations, which include only
transmural heterogeneities, where the peak of the T wave
in pseudo-ECGs coincides with the total repolarization of
the epicardium in the central part of the tissue (see the[s)
isochronic voltage representation in Fig. 2).

We have also evaluated repolarization and restitution
properties by showing thiifpdey" values and the estimates

(1]

ZEPECG, derived from the pseudo-ECGs, are within the [6]
range measured in clinical tilt test recordings.

After validating the 2D tissue preparatiaEEpECG, mea- [7]
sured from the pseudo-ECG, has been shown to properly
quantify AP DR slope dispersiotha>™ at tissue level, be-
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Figure 5. APDR slope dispersionAa®™, for the cell type
distribution 80/20%, the proposed estimate measured from the[lz]
pseudo-ECG impecgland pecg5 and the estimates measured

from the tilt test recordings.
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