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ABSTRACT

To describe the electrical activity of the left ventricle is necgssatake into account the Purkinje
fibers, responsible for the fast and coordinate ventricular activation, andrttegaction with the
muscular propagation. The aim of this work is to propose a methodology for thatgenerf a
patient-specific Purkinje network driven by clinical measurements of theatioti times acquired
during pathological propagations. In particular, we consider clinical data acquiredirosubjects
suffering from pathologies with different origins, from conduction problembiémtuscle or in the
Purkinje fibers to a pre-excitation ventricular syndrome. To assesactheacy of the proposed
method, we compare the results obtained by using the patient-specific Purkinje nsiiliotlke
ones obtained by using a not patient-specific network. The results showed that the rokda abs
errors are reduced by a factor in the range 27%-54%, highlighting the importaimuding a

patient-specific Purkinje network in computational models.

INTRODUCTION

The development of biophysical patient-specific models of the human heart is avugddah tetter
insight on the mechanisms regulating its activity and to provide the clinigitthsa powerful
instrument for diagnosis and therapeutic design. A key aspect is the study letthiead activation,
that triggers the heart contraction, and which is regulated by the caahdaction system (CCS),
responsible for the fast and coordinated distribution of the electrical impulde iheart [1]. In
particular, the ventricular activation is regulated by the peripheralgbatie CCS, the Purkinje
fibers (PF), located in the inner ventricular walls of the heart, just bettgatandocardium. In a
healthy propagation, the electrical signal, coming from the atrio-verariogide, spreads rapidly in

the PF and enters the ventricular wall at certain insertion sites, éalidthje muscle junctions
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(PMJ) [2]. From these sites the depolarization wave propagates in the myocardiwvingathe
ventricular excitation and contraction thanks to the activation of the cardiac musslgcell
Mathematical and computational models of cardiac electrophysiology can predict ¢hrecadle
activity in the ventricles, thus providing useful indications to the cliniciansnprove both the
diagnosis [4,5] and the therapies [6, 7]. The inclusion of PF in such modelssi®therssential to
simulate the ventricular excitation. A computational strategy for the generdtipatient-specific
Pukinje network starting from available clinical data consistingha activation times in some
points of the endocardium of the left ventricle was presented in [8]. In partisutdr,a method is
based on locating the PMJ in such a way to improve the accordance with the ditéalhis
strategy has been applied[9] to some real cases characterized by healthy activations, highlighting
the improvement of the accuracy obtained by using the patient-specific networesp#tt to other
models known in the literature, and then the main role of PF in the descrybtibie electrical
propagation.

In this work we apply the computational algorithm for the generation of a papentfic Purkinje
network presented in [8] to patients affected by pathological propagations.itulpartve consider
clinical data acquired on four subjects, one characterized by the presence skseadtie to an old
myocardial infarction, another one suffering from dilated cardiomyopathly aiteft Bundle
Branch Block (LBBB), and the last two suffering from the Wolff Parkin&vhite (WPW)
syndrome. To assess the accuracy of the proposed method, we compare the results obtaimged by usi
the generated patient-specific network with the ones obtained by using a netwaoetegengthout
using the clinical data. The results show the applicability and reliability ofmmthod also in
pathological cases and the essential role played by patient-specific neiwocksnputational

models to obtain an accurate description of the electrical activation in the lefthentri



METHODS

Patient-specific clinical measurements

Descriptionof the patients

Four patients have been considered in this study: a 66-years-old individuamwalld myocardial
infarction anda characteristic apical aneurysm (subject 1); a 66-years-old indiwdttala dilated
cardiomyopathy leading to LBBB (subject 2); a 46-years-old and a 45-giehirdividuals with the

WPW syndrome (subjects 3 and 4).

Both subjects 1 and 2 are characterized by an enlargement of the leitwantchamber. For
subject 1, such condition is due to a previous myocardial infarction at the apex with a resultant scar
formation anda loss of contractile function leading to a chamber dilation. For subject @lgted
cardiomyopathy causes the formation of fibrosis that affects the conduction prope¢hte PF,
leading to LBBB and to ventricular dyssynchrony. Subjects 3 and 4 edffem a ventricular pre-
excitation syndrome, the WPW syndrome, due to the presence of an anomalous pathway,&he bundl

of Kent, between the left atrium and the left ventricle, in absence of any structutalibease.

Acquisition of imaging data and reconstruction of the endocardium geometry

Subjects 1 and 2 underwemt X-ray computed tomography (x-ray CT). The CT image of subject 1

has been acquired with a Philips CT scanner with 237 slices, with 512 x 512 pixelsxahdize

equal to 0.429 x 0.429 x 0.7 mnThe CT image of subject 2 has been acquired with a Somatom
Siemens CT scanner with 380 slices, with 512 x 512 pixels and voxel size equal to 0.429 x 0.429 x
0.6 mm.

Subjects 3 and 4 underwent a non-contrast enhanced 3D whole heart sequence, cardiac and
respiratory gated, performed with a 1.5 Tesla MRI Unit (Magnetom Avaitimens Medical
Systems, Erlangen, Germany) and a 8 channel phased array torso coil. The followingtgraram

have been used: voxel resolution=1.7x1.6x1.3 mm; TE (EchoTime)=1.46 ms; TR (repetition
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Time)=269.46 ms; slice thickness=1.3 mm with 104 slices per single slab; acquisition
matrix=256x173; flip angle=90°.

A manual segmentation of such geometries has been made by using the software ITK-SNAP 2.4.0
[10]. In particular, we reconstructed the endocardium of the left ventricle adctald and 2, and the

whole myocardium of subjects 3 and 4.

Acquisition of electrical data

The electrical mappings of the endocardium of the left ventricle in the fdajects have been
performed by means of the Ensite NavX system. This allowed to measure at peudrsbf the
endocardium the activation times, defined as the time at which the local @fffexcstarts. Such
measures have been acquired for all the subjects by inserting a 7 Fr deflectabbecatheter
through the right femoral artery with a retrograde trans-aortic appidéetitronic Enhancr Il 5523/
Medtronic Conductr). Such a catheter measures a local voltage, allowing |do thei whole
electrical mapping of the endocardium.

For subjects 1 and 2 we acquirad electrical mapping consisting in 193 and 200 measures
respectively. Instead, for subjects 3 and 4, two electrical mappingsbkaneacquired, one before
the ablation procedure to locate and then burn the anomalous pathway, and another time after
ablation to check the success of the therapy. In this way, for these subjdtavevat disposal a
mapping of the pathological electrical activity in presence of the anomalousayathmd another
one of the normal propagation restored after the ablation. In particular, for suBjectd 4 we
acquired 141 and 100 measures, respectively, before the ablation procedure, and 151 and 102

measures, respectively, after the ablation.

Patient-specific generation of the Purkinjefibers
The PF form a subendocardial network characterized by a high conduction velp@t¢ ¥/s) and

are isolated from the muscle, except at their endpoints, the PMJ, which are looatbe
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endocardium. Once the electrical signal has reached the PMJ, enters thdeveittri@ delay of
about 10-15 ms [11,12], and then it propagates in the ventricular muscle, with a cdomrection
velocity V;, (0.3-1 m/s) (orthodromic propagation).

Due to the main role of the PF in the activation of the ventricle, Jrwi8 developed a new
methodology for the generation of a patient-specific Purkinje network Img wsitivation times
measured on the endocardium of the patient at hand. The idea is to start fioitralanetwork
generated by means of a fractal rule [13], and to adapt the locations of tHeyPikimizing the

accordance with the clinical measurements. This method is based on the following two hypotheses:

Hpl) The propagation in the PF is not influenced by the propagation in the myocasditimat
the activation wave propagates uniquely from the Purkinje network toyheamdium through

the PMJ [13

Hp2) The activation in the myocardium does not influence the activation on the endocardium.

The first hypothesis implies that the use of an explicit algorithm to theaprioblem given by the
coupling between the PF and the myocardium is enough, whereas the second one allows us to
consider only the propagation on the endocardium in the generation of the patiefitt-Bugkinje

network. In [8,9] it has been proposed to use the isotropic Eikonal problem on suchca sarf
compute the activation times to be compared with the clinical measurements.

The hypotheses Hpl and Hp2 hold true in the case of a healthy propagation [9]. Howeesan m
general we observe that they hold true providing that the electrical amtivatcharacterized by a

front which enters the left ventricle uniquely through the PMJ or endodaedis, independently of

the integrity of the conduction system. In the following sections, we discuss hropodsible to use

the method proposed in [8] in some pathological cases.



The case of old myocardial infarction (subject 1)

If no arrhythmia or electrical disease affecting the pathway of conductiggresent (as happens for
subject 1), then all the sources of the muscular activation are given BjMthend hence we can
apply the algorithm for the generation of the patient-specific network presam{8&]. However,
some remarks are mandatory. In particular, the myocardium of a patient with an atdrdigl
infarction is characterized by the presence of scar tissue, which replaces the healthy oregiarthe r
affected by the ischemic attack. This regisicharacterized bw reduced blood supply, resulting in
the death of the muscular cells and thus in a progressive deterioration of theatlactivity. For
this reason the muscle is no longer excitable in the scar region, and then wedirapogsé
conduction velocity on this portion of the endocardium [4]. The location of therexgian can be
estimated during the electrical mapping, since the clinicians measure a null paetit@lpoints
belonging to the scar. Moreover, we assumed that the ischemic attack affec¢tse atsaduction
property of the Purkinje network located in the scar region. In pantjdaléhis region we set \=0
and \j, about four time smaller than the physiological value, supposing that the signal pegpagat
even if slowly, alsdn the portion ofPF belonging to the scar regiod4]. Then, to generate the
Purkinje network of subject 1, we used the method proposed in [8] wittialsp@pendent

conduction velocities on the endocardium and in the Purkinje network.

The case of dilated cardiomyopathy with Left Bundle Branch Block (subject 2)

The LBBB arose in subject 2 due to the fibrous tissue developed as a consequertiiatetl a
cardiomyopathy. A natural way to model LBBB is to impaseull conduction velocity Y in the
portion of the network characterized by the block, identified thankghéoclinical measures.
Moreover, due to the presence of the conduction block, in this case thetsajredtivates the PF
does not come from the AV node, but enters the left ventricle at the septum, thrioaighiMJ]
activated by the signal coming from the right ventricle. Then, all the sourcateamuscular

activation are given by the PMJ, so that hypotheses Hpl and Hp2 are satisfied anddwapply
7



the method developed in][8n particular, we consided a few endocardial sources, located at the
points of the septum with the smallest activation times. Such measures represiesit poets of
the left ventricle reached by the wave front coming from the right veatridien, to generate the
Purkinje network of subject 2, we used again the method proposed in [8] wittizd dppendent

conduction velocity in the Purkinje network.

The case of the Wolff-Parkinson-White syndrome (subjects 3 and 4)

The WPW syndrome is characterized by an accessory pathway between thautafat the left
ventricle, the bundle of Kent. In this case, the hypothkelgd and Hp2 are not in general satisfied

so that the algorithm proposed if [annot be applied anymore. However, for subjects 3 and 4 we
have at disposal also clinical measurements acquired after the ablatiapytheo related to a
healthy activation. Since the therapy consists in the ablation of the anomalous pathasbnable

to assume that the Purkinje network does not change after the therapy. Ehesefansed the
clinical measurements acquired after the ablation to generate the patiefit-spaweiork with the
method proposed in [8]. Then, we applied such a network to simulate WPW, by solving an
anisotropic Eikonal problem in all the myocardium, accountargthe muscular fibers. Since we

had no patient-specific information about the muscular fiber architecturegenerated them
according to geometrical rules and anatomical knowledgé §115].

Observe that the clinical measures are all located on the endocardium, sevisahot possible to

use the measures to locate the intramyocardial pathway. For this reasbas béen modeled as a
single activation, located in the point, among those where possibly the bundle of leentlemieft
ventricle, which guaranteed the best accordance with the measures acquired before the therapy.
We notice that for the case of WPW syndrome is important to consider hedsantdromic
propagation, that is the one from the muscle towards the PF, due to the prematurermuscula

activation. This is characterized by a delay of the signal at the PMJ of about 2-3.ms [11



RESULTS

In this section, we show the numerical results obtained by applying the sulateggped in [Bfor

the generation of a patient-specific Purkinje network to the pathologics déscussed above. The
aim is to compare the measured activation times with those obtained by udinthégiatient-
specific network and the network generated by means of a fractal ruledriamwvhat follows as
tentative network.

In Table 1, first two rows, we report the number of branches and PMJ feerttagive and for the
patient-specific networks for each of the subjects, while in Figure 1 we depictw® networks. To
obtain the tentative network we used a fractal rule where the lengtheobranches and the
branching angle are described by Gaussian variables (mean value of the length37him for
subject 1 and 480.3 mm for subjects 2, 3 and 4, mean value of the angle=6@" for all the
subjects).

In Figure 2 we show the activation times obtained by solving an Eikonal problem, and @sing th
tentative and the patient-specific networks to provide the source termstitulpay for subjects 1

and 2 we solved the isotropic Eikonal problem only on the endocardium, since théy satis
hypotheses Hpl and Hp2, whereas for subjects 3 and 4 we solved the anisotropic Eikonal problem in
all the myocardium, due to the presence of the anomalous pathway.

The conduction velocities in the networkyfVon the endocardium ¢y, along the muscular fiber
direction (), and transverse to the muscular fiber directior),(Wave been tuned in order to
maximize the accordance with the clinical measures. Notice that for suBjectd 4 we did not
estimate any endocardial velocitye, Vsince we solved directly the Eikonal problem in the
myocardium.We report for all the subjects such quantities in Table 1, third, famthfifth rows.

We can notice that for all the subjectsfdlls in the physiological ranges 3.0-4.0 m/s, whereas only
for subject 1 \is slightly outside the physiological range 0.3-1.0 m/s [18]. Moreover, we notice tha

the value of the estimated velocity along the fibers directiofaNs in the physiological range 0.3-
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1.0 m/s for patient 4, whereas it is slightly outside for subject 3. Finallpotiee that the estimated

value of the velocity in the direction orthogonal to the fibersaisfies for both subjects 3 and 4 the
physiological condition VYV, belonging to (1.5, 2.1). Regarding the muscular fibers architecture
generated for subjects 3 and 4, we assumed that the transmural variation of tldérdiiem is
uniform, with an angle of -75° at the endocardium and +45° on the epicardium, fectssiband -

60° at the endocardium and +45° on the epicardium, for subject 4 (an angle of +9Qforusds a

fiber pointing toward the apex of the ventricle). For subjects 1 and 2, we imptsezidelay at the

PMJ of 10 ms in the orthodromic propagation, whereas for subjects 3 and 4, we impimsed a t
delay at the PMJ of 14 ms in the orthodromic propagation and of 3 ms in the antidromic propagation.
Such values of the angles and of the delays have been chosen so to maximize the accéndance wi
the clinical measures and are in physiological ranges reported in [16]1Znceppectively.

In order to assess the accuracy obtained by using the generated networksthiorsabjects we
performed a cross-validation test. In particular, for subjects 1 and 2, we used Ho8mudasures

for the generation of the patient-specific network (training set), and the regaimasures to
validate the networks (testing set). Instead, for subjects 3 and 4, we used dihitz¢ data
acquired after the ablation procedure, related to a healthy activation, foemleeation of the
patient-specific network (training set), and the clinical data acquiredebtdferablation procedure

for the validation of the networks, by simulating the WPW (testing sefigare 3 we show the
absolute errors in the activation times between the measured data in thg $et§ and the
corresponding computed data. Moreover, in Table 2 we report the mean absolutenethers
activation time. From these results we observe that in all the dasesé of the patient-specific
network allowed to improve the accuracy with respect to the one obtained witkentagive
network. In particular, subject 1 highlights a very large improvement, the srear being halved

when using the patient-specific network. Regarding subjects 3 and 4, we observe a less good
improvement in the accuracy when using the patient-specific network. Thieily selated to the

WPW syndrome, as discussed later on.
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Table 1. Number of branches and of PMJ, conduction velocities in the netwg)k ¢ the

endocardiun{V,), along the muscular fib€¥;) and transverse to the muscular fiber directiof).(V

Subject 1  Subject 2  Subject 3 Subject 4
# branches 2144 3068 2182 1500
#PMJs 308 786 498 289
Tentative network V,(m/s) 3.1 3.9 3.95 3.7

Ve(m/s) 0.29 0.31 - -

Vil Vi (m/s) - - 1.0300.515 0.870/0.580

# branches 2047 2681 2121 1355

#PMJs 211 399 437 144
Patient-specific network | V,(m/s) 3.1 3.9 3.95 3.7

Ve(m/s) 0.29 0.31 - -

Vil Vi (m/s) - - 1.0300515 0.945/0.630

To have a more accurate description of the error distribution, in Figure show the histograms
representing the number of points N (over the total number) charactbyizgakcific ranges of the
error. These results confirm the improvement in the accuracy obtained with the-ppéeific
network. Again, we observe the significant improvement for subjects 1 and 2, and thedéss g
improvement for subjects 3 and 4. For the latter subjects the points of the enduceodild be
activated either by the Purkinje network or by the underlying muscle dhe tmbmalous pathway.
Then, for such patients, we built the subset K of the testing set given pwitite activated in our
simulations by the networks, and the subset W given by the points activated lmnth@dpagating
from the anomalous pathway. In Table 3, we report the mean absolute errors relatédaiotiease

two subsets. These results clearly show that there is an appreciable improvemerdcicutbey
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when using the patient-specific network for the points activated by the PF (8)bsetiereas no

significant improvements are observed for the points activated by the anomalous signal (subset W)

Table 2. Mean absolute error for the four patients in the case of the tentativan@df the patient-

specific (bottom) Purkinje networks.

Mean absolute error (ms)

Subject 1 Subject 2 Subject 3 Subject 4

Tentative networ k 30.57£27.91 24.85t23.20 7.90+£6.19 9.69+6.41

Patient-specific network 14.06+ 15.52 15.44+12.09 6.84+5.38  7.59+5.52

Table 3. Mean absolute error for the patients suffering from WPW on the subsets W amdhe

case of the tentative and of the patient-specific Purkinje networks.

Network M ean absolute error on K (ms) M ean absolute error on W (ms)
Tentative 8.76 £ 6.54 7.25+5.82
Subject 3
Patient-specific 6.38+5.20 7.13+5.47
Tentative 9.74 £6.53 9.58 +6.15
Subject 4
Patient-specific 6.87 +4.99 8.68 £ 6.08
DISCUSSION

The case of old myocar dial infarction
State of the art

The myocardial ischemia has been studied with computational models for over yw@argylhe
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first computational models of suehpathology studied the development of depressions in the ST
segment of the electro-cardiogram due to the developing of ischemic currents iatetfece
between the damaged and the healthy cel§2(,21]. More recent studies investigated the
possibility to recover information on the size and location of the ischeegiornr from such
depressions by solving an inverse problem [5,22]. The ischemic currents are devkinopgdhe
plateau phase of the cell electrical activity, when all the musclg heks have been already
activated. For this reason, the presence of the Purkinje network in theusrevorks has been
neglected. Instead, if we are interested in modeling the ventricular activatienower the QRS
complex, it is mandatory to model the presence of the Purkinje network [14,23]. [fheaok, as
far as we know, that included a (non-patient-specific) Purkinje netwoitké study of the ischemia
is [11], where the authors studied the effect of such a network on the propagation thfnzieshy
Instead, in [3,24 surrogate models of the PF have been considered, by using a variapéee

conduction velocity on the endocardium.

Discussion of the results

The results reported in Figures 3 and 4 and in Table 2 for subject 1y cémw the big
improvement when the patient-specific network is used to compute the actitiatEs on the
endocardium. In particular, the mean absolute error decreased by 54.0% with testhecione
obtained with the tentative network, with over 60% of the measures dar@madtby an absolute

error less than 10 ms. Moreover, we observe the lack of PMJ in the patient-specific Ptk n

in the region opposite to the septum, just between the two big scar regioRgy(seel, first ronon

the right). This probably reflects the fact that the Purkinje netwsik fact a little bit damaged in

that region, due to the vicinity of the infarction. Of course, the tentative rletwanot able to
recognize such a damaged region, since it localizes the PMJ randomly. Accorltiokigg at

Figure 2, first row, we can appreciate the difference in the activation pattern in the region opposite to

the septum between the two networks, leading to different absolute ertbis iegion, as shown in
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Figure 3.

These results show that our approach could be used successfully also in presemasotilar
conduction damage. In fact, we believe that really in presence of a muscular imondratlem our
method could be mainly effective, since it is able to capture more evidenthpdodicity of the

patient at hand.

The case of dilated cardiomyopathy with L eft Bundle Branch Block

State of the art

The LBBB has been deeply studied computationally in the last years. In such studies the PF has been
modeled either by imposing a high conduction velocity in the region of the endocardomtact

with the PF [7,25], or by an explicit construction of a (non-patient-spgaifitwork [26,27]. In [p

the authors highlighted the importance of considering the presence of an expkaijd®network

instead of surrogate models to obtain realistic pattern of activation alsw d¢he pacing of a

cardiac resynchronization therapy device, frequently used to overcome the LBBB.

Discussion of the results

The results reported in Figures 3 andrd in Table 2 for subject 2 show a good improvement in the
accuracy when the patient-specific network is used to compute the activation timém= on
endocardium. In particular, the mean absolute error decreased by 37.9% with regpecbhe
obtained with the tentative network, with about 40.0% of the measures charadigrenedbsolute

error less than 10 ms.

These results show that our methodology can be applied also for the case of LBBB, being capable of
detecting additional abnormalities in the electrical activation of thergaHowever, we observe a

little deterioration in the improvement of the accuracy with respect to theopssase We believe

that this could be ascribed to the simple model we used to describe the actieati@oming from

the right ventricle, and consisting in a few of sources localized on the septuoveicome this

14



limitation, one should consider also the propagation in the rightietentvith, possibly, its Purkinje

network. This is however beyond the scope of this paper, and it will be the subject of future works.

The case of the Wolff Parkinson White syndrome

State of the art

The WPW syndrome often leads to supraventricular tachycardia that needsréatbd with an
ablation therapy [28]. Computational studies related to this pathology can be fouidéjd where
amodel of the WPW has been presented with the aim of analyzing the relation bitevémation
of the intramyocardial pathway and the wave form of the ECG, and in [30]elieideveloping of
supraventricular tachycardia as a consequence of WPW has been investigated. In both the papers
simplified not patient-specific models of the PF have been considered. In paytioyl29] about
one thousand of sources of activation has been used with proper activatiototimadel the PMJ
whereas in [30] the conduction system has been modeled with a simple netwoskrtpgethe
bundle of His and the main bundle branches coupled with a thin layer with disteseof

activation representing the PF and the PMJ.

Discussion of the results

The results reported in Figures 3 and 4 and in Table 2 for subjects 3 and 4ashemssgood
improvement in the accuracy obtained by using the patient-specific Purkinje ketitlorespect to
the one obtained with the tentative network. In particular, for suBBjdbie mean absolute error
decreased by 13.4%, while for subject 4 it decrebgetl.7%.

Sucha deterioration in the performance of the patient-specific network with respda farevious
cases can be ascribed to the fact that a percentage of the points of tlaeddmciothe subset W) is
directly activated by the anomalous pathway and therefore it is not affectbeé Ipyesence of the
Purkinje network. For subject 3, the one with the worst improvement inaaggiuhe subset W is

composed by 61.0% of the data, while for subject ¥ tomposed by 40.0% of the measures.
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Therefore, to study the improvement in the accuracy obtained by using the patadint-spévork
we computed in Table 3 the mean absolute error related to the points in theksubese activated
in our simulation by the PF. These results show a good improvement in the accuaangdoby the
patient-specific network with respect to the one obtained with the tentativerkeIn particular,
for subject 3 the mean absolute error decreased by 27.2%, while for subjeet##sgd by 29.5%.
On the contrary, no appreciable improvement is noticed for the points activatedsimalations
by the anomalous pathway.

These results highlighted that for the WPW syndrdiné important to use a patient-specific
Purkinje network if we want to accurately describe the activatiohdrrégion of the endocardium
far from the anomalous pathway, whereas, if we are interested only on the activatichenear
intramyocardial pathway, a non patient-specific network can be enough.

We conclude that the patient-specific network generated by using clinical datal relat healthy
activation is able to accurately describe also the pathological activatibe shie patient due to

the presence of the WPW syndrome, proving again the reliability of our methodology.

CONCLUSIONS

In this work we applied the computational algorithm for the generatiorpafient-specific Purkinje
network presented in [8] to cases characterized by electrical pathologmahgptions. We
compared the results obtained by using the patient-specific Purkinje netvilorth@viones given by

considering a no patient-specific (tentative) network. The numerical resultgghigiali

1. The improvement in the accuracy obtained by using the patient-specific network when a
cross-validation test is performed;

2. The importance of considering a patient-specific Purkinje network to detect thecstyeaifi
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the electrical propagation of the patient at hand, both in the casmw$cular conduction
problem (as the myocardial ischemia) and in the case of an electrical conculotk of a
portion of the PF (as the LBBB);

3. The reliability of the patient-specific Purkinje network generated with clinical measatem
acquirel after the ablation to accurately describe the propagation far tnenaritomalous

muscular pathway in patients that suffered from the WPW syndrome.

These conclusions show that the method presented in [8] provides an effectit@ @oolrately
model the activation of the left ventricle also in the case of pathological ed¢gropagations with
different origins, from conduction problems in the PF or in the myocardium tprésence of an
additional muscular pathway.

The next steps we are working on consist in the enrichment of the model to déserilzBB by
considering also the presence of the right ventricle, with the aim of studying thecalec
propagation during the cardiac resynchronization therapy, and to adapt the algorithm for the
generation of a patient-specific Purkinje network when only clinical datdecelto the WPW

syndrome are available.

CONFLICT OF INTEREST

None declared.

FUNDING

The present study has been funded by Fondazione Cassa di Risparmio di Trento e Rovereto

17



(CARITRO) within the project "Numerical modelling of the electriaativity of the heart for th

study of the ventricular dyssynchrony".

ETHICAL APPROVAL

This clinical study has been approved by the ethic committee of AzRrdanciale per i Servizi
Sanitari, Trento (ltaly). The patients have been previously informed and gave theorfsdint for

both the acquisition of the clinical data and for the successive mathematical analyses.

REFERENCES

1. Durrer D, van DanRR, FreudGE, JanseMJ, Meijler FL, ArzbaecheRC. Total excitation
of the isolated human heart. Circ Res 1970, 41(6):899-912.

2. Rawling DA, Joyner RW, OverholED. Variationsin the functional electrical coupling
between the subendocardial purkinje and ventricular layers of the ceftinentricle. Circ
Res 1985, 57(2):252-61.

3. AndersonRH, Yanni J, BoyetMR, Chandler NJ, Dobrzynski H. The anatomy of the cardiac
conduction system. Clin Anat 2009; 22(1):99-113.

4. Relan J, Chinchapatnam P, Sermesant M, Rhode KS, Ginks M, Delingette H, Rdaldi
Razavi R, Ayache N. Coupled Personalization of Cardiac Electrophysiology Models for
Prediction of Ischaemic Ventricular Tachycardia. Interface Focus 2011, 1(3):396-407.

5. Wang D, Kirby RM, MacLeod RS, JohnsdR. Inverse Electrocardiographic Source
Localization of Ischemia: An Optimization Framework and Finite Element Solufion.

Comput Phys 2013, 250:403-424.
18



10.

11.

12.

13.

Romero D, Sebastian R, Bijnens B, Zimmerman V, Boyle P, Vigmond E, Frangi A. Effects
of the Purkinje System and Cardiac Geometry on Biventricular Pacing: A Nbtaigy. Ann
Biomed Eng 2010, 38(4):1388-98.
Sermesant M, Chabiniok R, Chinchapatham P, Mansi T, Billet F, Moireau Rt B&jr
Wong K, Relan J, Rhode K, Ginks M, Lambiase P, Delingette H, Shtjneinaldi CA,
Chapelle D, Razavi R, Ayache N. Patient-specific electromechanical modeéstodart for
the prediction of pacing acute effects in CRT: a preliminary clinical validatieal. Image
Anal 2012, 16(1):201-215.
Palamara S, Vergara C, Faggiano E, NoBilé&n effective algorithm for the generation of
patient-specific Purkinje networks in computational electrocardiology. M@¥oR n.
48/2013, Dipartimento di Matematica, Politecnico di Milano, Italy.
Vergara C, Palamara S, Catanzariti D, Pangrazzi C, Nobile F, Centonze M, Faggiano E,
Maines M, Quarteroni A, Vergara G. Patient-specific computational geémerof the
Purkinje network driven by clinical measuraments. MOX Report n. 09/2013, Dieatd
di Matematica, Politecnico di Milano, ltaly.
Yushkevich P, Piven J, Hazlett C, Smith H, SmithtHB,S, Gee JC, Gerig G. User-Guided
3D Active Contour Segmentation of Anatomical Structures: Significantlyprdoked
Efficiency and Reliability. Neuroimage 2006, 31(3):1116-28.
BerenfeldO, Jalife J. Purkinje-muscle reentag a mechanism of polymorphic ventricular
arrhythmiasn a 3-dimensional modelf the ventricles. Circ Res 1998, 82(10):1063-1077.
Huelsing DJ, Spitzer KW, CordeirdM, Pollard AE. Conduction between isolated rabbit
Purkinje and ventricular myocytes coupled by a variable resistance. Am J IPhysio
1998, 274(4 Pt 2):H1163-73.
Sebastian R, Zimmerman V, Romero D, Sanchez-Quintana D, Frangi AF. Characterization
and Modeling of the Peripheral Cardiac Conduction System. IEEE Trans Megingma
2013, 32(1):45-55

19



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bogun F, Good E, Reich S, Elmouchi D, Igic P, Tschopp D, Dey S, Wimmer A,
Jongnarangsin K, Oral H, Chugh A, Pelosi F, Morady F. Role of Purkinje Fibé&test-
Infarction Ventricular Tachycardia. J Am Coll Cardiol 2006, 48(12): 2500-2507.

Colli Franzone P, Guerri L. Spreading excitation in 3-D models of the anisotropiacardi
tissue, Il. Effects of the fiber architecture and ventricular geometry. Maikci 1998,
147(2):131-71.

Lombaert H, Peyrat JM, Croisille P, Rapacchi S, Fanton L, Cheriet F, ClaryséagRin

IE, Delingette H, Ayache N. Human Atlas of the Cardiac Fiber ArchitectutelySn a
Healthy Population. IEEE Tramded Imaging 2012, 31(7):1436-47.

Rossi S, Lassila T, Ruiz-Baier, Bequeira A, Quarteroni A. Thermodynamically consistent
orthotropic activation model capturing ventricular systolic wall thickenimgcardiac
electromechanics. Eur. J. Mech. A/Solids, in press.

Laske TG, laizzdPA. ‘Handbook of Cardiac Anatomy, Physiology, and Devickszzo

PA, Second Edition, Springer Berlin, 2005, 123-136.

Dubé B, Gulrajani RM, Lorange M, LeBlanc AR, Nasmith J, Nad@AuA computer heart
model incorporating anisotropic propagation. IV. Simulation of regional myocardial
ischemia. J Electrocardiol 1996, 29(2):91-103.

Stinstra JG, Shome S, Hopenfeld B, MacLeod RS. Modelling passive cardiac conductivit
during ischaemia. Med Biol Eng Comput 2005, 43(6):776-82.

Hopenfeld B, Stinstra JG, MacLeod RS. The effect of conductivity on ST-segment
epicardial potentials arising from subendocardial ischemia. Ann Biomed Eng 2005,
33(6):751-63.

Nielsen BF, Lysaker M, Grgttum P. Computing ischemic regions in the hedutthvet
bidomain modelkirst steps towards validation. IEEE Trans Med Imaging 2013, 32(6):1085-
96.

Nogami A. Purkinje-related arrhythmias part ii: polymorphic ventrictitganhycardia and

20



24.

25.

26.

27.

28.

29.

30.

ventricular fibrillation. Pacing Clin Electrophysiol 2011, 34(8):1034-49.

van DamPM, Oostendor@F, van Oosterom A. Application of the fastest route algorithm in
the interactive simulation of the effect of local ischemia on the ECG. M#dEBg Comput
2009, 47(1):11-20.

Aguado-Sierra J, Krishnamurthy A, Villongco C, Chuang J,Howard E,Gonzales MJ, Omens
J, Krummen DE, Narayan S, Kerckhoffs RC, McCulloch AD. Patient-specific modeling of
dyssynchronous heart failure: a case study. Prog Biophys Mol Biol 2011; 107(1):147-55.
Tusscher KH, PanfiloAV. Modelling of the ventricular conduction system. Prog Biophys
Mol Biol 2008, 96(1-3):152-70.

Kerckhoffs R, Mcculloch A, Omens J, Mulligan L. Effects of biveantlar pacing and scar
sizein a computational model of the failing heart with left bundle branch bMekl Image
Anal 2009, 13(2):362-9.

Tai CT, ChenSA, ChiangCE, Wu TJ, ChengCC, ChiouCW, Lee SH, UengKC, Chang

MS. Accessory atrioventricular pathways with only antegrade conduttigatients with
symptomatic Wolff-Parkinson-White syndrome. Clinical features, electrophysialog
characteristics and responde radiofrequency catheter ablation. Eur Heart J 1997,
18(1):132-9.

Lorange M, Gulrajani RM. Computer simulation of the Wolff-Parkinson-White
preexcitation syndrome with a modified Miller-Geselowitz heart model. IEEBSIBiomed

Eng 1986, 33(9):862-73.

Killmann R, Wach P, Dienstl F. Three-dimensional computer mofi¢ghe entire human
heart for simulationof reentry and tachycardia: Gap phenomenon and Wolff-Parkinson-

White syndrome. Basic Res Cardiol 1991, 86(5):485-501.

21



FIGURES

Tentative network Patient-specific network

Subject 1

Subject 2

Subject 3

Subject 4

Fig. 1 Tentative (left) and patient-specific (right) networks for the four subjdach row represents
a different subject. In yellow we depict the PMJ. For the first two subjeetslepict only the
endocardium, while for subjects 3 an@lthe myocardium. For subject 1 (first row) we depict in

black the region of endocardium identified with the scar, for subject 2 (secondwewepict in
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blue the portion of the network affected by the block and the two endocardial scamdefor

subject 3 and 4 (third and fourth rows) we depict in blue the anomalous source deaN@\tth

syndrome.
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Fig. 2 Computed activation times for the four subjects.

tentative network. Right: patient-specific network.
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Tentative network Patient-specific network

Absolute errors (ms) )

Subject 1
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Subject 4

Fig. 3 Absolute errors in the activation times between the measured data in the taséind gee
corresponding computed data for the four subjects, represented by spheres locatepointshe
where the measures have been acquired. Each row of the figure depicts the resstsbjefct

obtained with the tentative (left) and with the patient-specific (right) networks.
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Fig. 4 Histograms of the absolute errors.
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