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Aims

Methods
and Results

Cardiac dyssynchrony in patients with repaired Tetralogy of Fallot (rToF) has been attributed to right bundle
branch block (RBBB), fibrosis and/or the patches that are inserted during repair surgery. We aimed to investigate
the basis of abnormal activation in rToF patients by mapping the electrical activation sequence during sinus rhythm
(SR) and right ventricular (RV) pacing.

A total of 17 patients were studied [13 with rToF, 2 with left bundle branch block (LBBB), and 2 without RBBB or
LBBB (non-BBB)] during medically indicated cardiac surgery. During SR and RV pacing, measurements were per-
formed using 112-electrode RV endocardial balloons (rToF only) and biventricular epicardial sock arrays (four of
the rToF and all non-rToF patients). During SR, functional lines of block occurred in five rToF patients, while RV
pacing caused functional blocks in four rToF patients. The line of block persisted during both SR and RV pacing in
only 2 out of 13 rToF patients. Compared to SR, RV pacing increased dispersion of septal activation, but not dis-
persion of endocardial and epicardial activation of the RV free wall. During pacing, RV and left ventricular activation
dispersion in rToF patients were comparable to that of the non-rToF patients.

Conclusion The results of the present study indicate that the delayed activation in the right ventricle of rToF patients is pre-
dominantly due to block(s) in the Purkinje system and that conduction in RV tissue is fairly normal.

Keywords Repaired Tetralogy of Fallot e Pacing e Mapping e Dyssynchrony e Congenital heart disease ¢ Conduction
abnormalities

Intr'odu Cti on dyssynchrony, and larger dyssynchrony is correlated to lower exer-

Tetralogy of Fallot (ToF), the most common congenital cyanotic car-
diac disease, is characterized by a ventricular septal defect (VSD),
overriding aorta, pulmonary stenosis, and concomitant hypertrophy
of the right ventricle." During surgery, which is usually performed at
a very young age, the VSD is closed and the pulmonary stenosis is
alleviated. While surgery has a high chance of success to restore
anatomy, it often results in right bundle branch block (RBBB),
post-operative pulmonary insufficiency and residual stenosis. These
three conditions are potentially harmful for proper cardiac function
and may negatively affect the prognosis of patients with repaired
Tetralogy of Fallot (rToF). Patients with rToF often display

cise capacity and increased risk of ventricular arrhythmias.”

An obvious candidate cause of this dyssynchrony is damage to part
of the rapid conduction system, in particular the right bundle branch.®
Electrophysiological studies performed during rToF surgery showed
RBBB>* and also left anterior hemiblock has been found post-surgery.”

However, structural abnormalities (like fibrosis) due to longer last-
ing right ventricular (RV) overload and related RV dilation, surgical
scar and the patch used to relieve pulmonary stenosis may cause
or aggravate the dyssynchrony.®’

The present study aims to assess if, and to what extent, abnormal
activation in rToF hearts is due to structural tissue abnormalities,
by examining the presence of conduction block and dispersion of

* Corresponding author. Tel: +-31 43 388 12 00/+31 43 388 40 03. E-mail address: frits.prinzen@maastrichtuniversity.nl
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author(s) 2021. For permissions, please email: journals.permissions@oup.com.
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What’s new?

® Electrical dyssynchrony in hearts of patients with Tetralogy of
Fallot late after surgical repair (rToF) may be caused by dam-
age to the rapid conduction system or by disturbed conduc-
tion in the working myocardium.

® We found that in rToF patients structural conduction block is
rare and that conduction properties of the working myocar-
dium are comparable to those in non-rToF patients.

® These findings support the idea that cardiac resynchronization
therapy may be a valuable adjunct therapy in rToF patients.

activation using detailed endo- and epicardial mapping.
Measurements during sinus rhythm (SR) and RV pacing allowed us to
distinguish between the conductive effects of the His-Purkinje system
and myocardial tissue properties and also between structural and
functional blocks. Data from rToF patients was compared with a
small group of non-rToF patients.

Methods

Study population and mapping array
Studies were performed in Toronto General Hospital, between 1995 and
2008. This study was approved by the University Health Network Ethics
Review Board. All patients provided informed consent prior to inclusion.
During medically indicated cardiac surgery (redo pulmonary valve
replacement), detailed RV intraoperative mapping was performed for
ventricular tachycardia in 13 rToF patients [4 women, 9 men, age 37 + 8
[mean £ standard deviation (SD)]; 8 with left ventricular (LV) ejection
fraction >60%, 5 with mild to moderate LV dysfunction (LV ejection
fraction <60%)]. An RV cavity-shaped endocardial balloon array was used

that consisted of 112 bipolar electrodes (Figure 1A). Additionally, in four
of these patients, an epicardial sock array with 112 bipolar electrodes
(Figure 1B) was used to map both LV and RV activation. The latter array
was also used in two patients with left bundle branch block (LBBB) (one
woman, one man, age 61) and two patients without either RBBB or LBBB
(non-BBB) (both men, age 64).

The arrays and data on total activation times and regions of late ac-
tivation during SR have been described previously.8‘9 For the present
study, we selected patients in whom also mapping data were available
during RV pacing. Briefly, the 112 electrode pairs on each of the arrays
were divided over 14 vertical splines of 8 pairs each. For all 112
channels, unipolar (sampling rate 1000 Hz, filtering 0.5-200 Hz) and
bipolar signals (sampling rate 2000 Hz, filtering 28-750 Hz) were
recorded simultaneously. The electrodes were assigned a region
(details in legends to Figures 2 and 3).

In the four patients where both arrays were used, the sites of earliest
activation on both sock and balloon were overlaid during analysis of
paced maps, to ensure proper assignment of the electrodes on the sock
to either left ventricle or right ventricle on the epicardium.

In order to increase the number of observations in LBBB hearts,
relevant data from literature describing four patients who underwent
electrocardiographic imaging measurements during both SR and RV pac-
ing were included."

Data acquisition and analysis

Mapping was performed after the initiation of cardiopulmonary
bypass. Unipolar and bipolar electrograms were recorded, using an
epicardial needle stitched onto the base of the heart as a reference.
Measurements were performed during SR and during RV pacing from
an epicardial site.

Unipolar and bipolar electrograms were analysed using custom-
written software to determine local activation times, using the onset
of the QRS complex or the middle of the pacing spike as time
reference.

Figure | (A) The endocardial right ventricular (RV) balloon array. The thumb-like structure on the right side was positioned inside the RV outflow

tract. (B) The epicardial sock array.
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Figure 2 Activation maps of the right ventricular (RV) balloon for two patients with repaired Tetralogy of Fallot (rToF), during sinus rhythm (A, C)
and pacing (B, D). The white lines indicate the borders between the different areas: RV free wall (RVFW), septum (SEPT), and RV outflow tract
(RVOT). The red arrows point to the structural line of block. Grey dots denote electrodes with poor signal quality, omitted from analysis.

Using custom-written MATLAB software, activation patterns were
visualized in activation maps, and several parameters were calculated:

® Average activation time (ms) per region: allowing gross comparison of
the order of activation between regions.

® Regional activation dispersion (ms): the difference between the 5%
and 95% percentile of activation times in each region.

® Total activation time (ms): the latest activation time of the epicardial
sock array.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 (GraphPad
Software, San Diego, USA). Differences in activation times and regional
activation dispersions per region of the balloon were assessed using a
Friedman test, followed by a Dunn’s multiple comparison test. Activation
dispersions of the whole balloon during SR and pacing were compared
using a Wilcoxon matched pairs signed rank test. A P-value <0.05 was
considered to be significant. Due to the small number of patients who
were examined using the sock array, no statistical analysis was performed
for this data.

Results

Endo- and epicardial activation maps

For the majority of the rToF patients, endocardial RV activation
(measured on the balloon array) started on the septum and then
spread to the RV free wall (RVFW) and RV outflow tract (RVOT)
(Figure 2A and C). Upon RV pacing, the RVFW became activated ear-
lier than the septum and the RVOT (Figure 2B and D).

Both during SR and during pacing functional blocks occurred. The
locations of these blocks varied considerably between patients and
between activation modes. In seven rToF patients, activation pro-
gressed fairly regularly during SR, while five patients had a functional
block that disappeared during pacing (example of the latter in Figure
2A and B). These functional blocks occurred in the RVOT (n=3),
septum (n=2), RVFW (n=1), or in the septum/RVOT border area
(n=1). (Note that a patient can have more than one block.)

In the remaining patient and in one of the patients with functional
block, a structural block was present (example in Figure 2C and D).
During pacing, functional blocks appeared in four patients, in the
RVOT (n=3), septum (n=1) and in the septum/RVFW border area
(n=1). During SR, no blocks were present in two out of these four
patients.

During SR, the RVFW was the main late activated area in two of
the four rToF patients mapped epicardially (example in Figure 3A,
paced map in Figure 3B), whereas in one patient this was the antero-
basal area of both right ventricle and left ventricle (Figure 3C) and in
another patient the left ventricle.

For the non-BBB patients, during SR the latest activated area was
found in the left ventricle (one patient, Figure 4A) or the right ventricle
(one patient), while in both LBBB patients, the latest activation oc-
curred in the left ventricle (Figure 4C).

In all patient groups, RV pacing created early activation near the
pacing electrode and spread of activation towards the opposite wall.

No epicardial lines of block were observed during SR in any of the
four rToF patients, whereas during RV pacing, a line of block oc-
curred in the left ventricle in one patient (Figure 3D). In the non-BBB
patients, no lines of block were observed during either SR or RV
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Figure 3 Activation maps of the epicardial sock for two patients with repaired Tetralogy of Fallot (rToF), during sinus rhythm (A, C) and pacing (B,
D). One spline is aligned with the left anterior descending artery (LAD), the white lines indicate the borders between the different areas: left ventricle
(LV), right ventricle (RV), and LAD. The white circles indicate the pacing sites in the right panels. Grey dots denote electrodes with poor signal quality,

omitted from analysis.

pacing. In one of the LBBB patients, a persistent line of block oc-
curred in the left ventricle (Figure 4C and D), while in the other LBBB
patient, a line of block was observed during LV pacing.

In summary, functional blocks, that (dis)appeared during ventricu-
lar pacing, were found in 8 out of 13 rToF patients, while only 2 had a
structural conduction block. One of the two LBBB patients had a
functional block and the other patient had a structural block.

Quantification of cardiac activation

patterns

Data from all rToF patients show that during SR the RVFW
(92 £10 ms, mean £ SD, P=0.001) and RVOT (85 £19 ms, P =0.068)
are later activated than the septum (57 £11 ms), whereas RV pacing
results in earlier activation of the RVFW (57 £ 9 ms; P=0.001 vs. SR)
and later activation of the septum (94 £18ms; P<0.001 vs. RVFW)
and RVOT (114 £ 22 ms; P < 0.0001, Figure 5A).

Average epicardial LV activation time of rToF patients [67 (55-83)
ms, mean and range] and non-BBB patients (51 and 77 ms) was com-
parable, whereas it was larger in the LBBB patients [114 (88-144)
ms] than in all rToF and non-BBB patients (Figure 5B). Pacing in-
creased the average epicardial LV activation time for all but one pa-
tient [rToF 101 (73—132) ms; non-BBB 98 and 183 ms; LBBB 133
(121-149) ms]. Mean increase in rToF was 34 ms, 77 ms in non-BBB
and 19 ms in LBBB (Figure 5B). On average, mean RV activation time
was larger in rToF patients [95 (73—117) ms] than in the non-BBB (21
and 113 ms) and the LBBB patients [46 (29-84) ms; Figure 5C]. During

pacing, average RV activation occurred consistently earlier in the
rToF patients while it became later in the other patients [rToF 65
(53-71) ms, non-BBB 61 and 150 ms, LBBB 85 (36—188) ms]. The
mean change in activation times was —30ms (rToF), +39ms (non-
BBB) and +-38 ms (LBBB); Figure 5C.

Total epicardial activation times were comparable between rToF
patients [161ms (151-170) mean and range], LBBB patients (174 ms
for both), and one of the non-BBB patients (95 and 150 ms) during
SR. During ventricular pacing, total activation time increased in the
non-BBB patients (to 146 and 242 ms) and LBBB patients (to 220 and
224 ms), whereas it did not consistently change in the rToF patients
[161ms (133-188)].

Activation dispersion

The rToF patients had a total activation dispersion within the RV bal-
loon of 93 ms (range 49-114 ms) during SR. Activation dispersion did
not differ between septum (57 £ 27ms) and RVFW during SR
(61 £15ms), but during pacing, septal activation dispersion increased
significantly (to 78+ 6 ms; P=0.038 vs. septum SR and P=0.027 vs.
RVFW pacing; Figure 5D). This increase is likely to be largely responsi-
ble for the significant increase in total activation dispersion during RV
pacing [to 114 ms (83-141 ms), P=0.006].

During SR, epicardial LV activation dispersion was smallest in the
non-BBB patients (35 and 62 ms), intermediate in three out of four
rToF patients [82 (64—128) ms, mean and range] and largest in the
LBBB patients (110 and 132ms; Figure 5E). During RV pacing, LV

120Z Jaquiaoaq |z uo Jasn Aseiqr Ausiaaiun yomseey Aq 195851.9/S011/L uswsaddng/gz/eonie/eoedoina/woo dno olwapeoe)/:sdiy Woll papeojumoc]



Exploring cause of conduction delays in patients with repaired Tetralogy of Fallot i109

el
c
2
el
g Activation
28] time (ms)
m 180
B
c 180
° 140
z 120
o B0
c
b F
e 40
©
n 20
o o
o
o
ol & R N
Sinus rhythm

Figure 4 Activation maps of the epicardial sock for one patient without either right or left bundle branch block (non-BBB) (A and B) and one pa-
tient with left bundle branch block (LBBB) (C and D) during sinus rhythm (A, C) and pacing (B, D). The red arrows point to the structural line of block.
The white circles indicate the pacing sites in the right panels. Grey dots denote electrodes with poor signal quality, omitted from analysis. Area abbre-

viations as in Figure 3.

activation dispersion increased in all but one rToF and one LBBB pa-
tient so that activation dispersion became comparable between the
three patient groups [rToF 103 (65-125) ms, non-BBB 92 and
131 ms, LBBB 121 and 140 ms; Figure 5E].

On average, epicardial RV activation dispersion was larger in the
rToF patients [74 (63—101) ms] than in the other patients (non-BBB
26 and 62ms, LBBB 31 and 65ms; Figure 5F). This dispersion
decreased upon RV pacing in two of the four rToF patients, while in-
creasing in the non-BBB patients and one LBBB patient. Importantly,
this made RV dispersion of activation comparable between the pa-
tient groups [rToF 59 (54-66) ms; non-BBB 70 and 132 ms, LBBB 57
and 58 ms] and one non-BBB patient showed the largest activation
dispersion (Figure 5F).

Discussion

The main findings of the present study are that in rToF patients (i)
structural lines of block in the right ventricle are rare; (ii) dispersion of
activation in both endo- and epicardium of the RVFW is virtually
unchanged between SR and RV pacing and (iii) during RV pacing,
epicardial LV and RV activation dispersion in rToF patients is compara-
ble with that in non-rToF patients. These findings indicate that conduc-
tion properties of the working myocardium are fairly well-preserved
and that the delayed activation in the right ventricle of rToF patients is
likely in large part due to blocks in the Purkinje system. The latter has
important implications for the potential application of cardiac

resynchronization therapy (CRT) in these patients. The persistence of
lines of block in only two out of the 13 patients indicates that structural
regions of block were present in only a minority of rToF patients.
Functional blocks during SR were present in about 40% of the patients,
and during pacing in approximately 30%.

Lines of block in rToF patients

In the majority of rToF patients (11/13), there were no lines of struc-
tural block that persisted during both SR and pacing. We consider
this finding to be evidence for the idea that a defect of (part of) the
rapid conduction system, in particular the right bundle branch, is the
primary cause of the abnormal conduction in rToF hearts. Indeed,
RBBB morphology of the QRS complex is a common finding after
surgical repair of ToF,%"" which has been attributed to damage to
the right bundle branch due to VSD closure, RV ventriculotomy or
resection of stenotic tissue.**

The evidence of lines of functional block may, however, point to
some conduction problems at the tissue level, such as fibrosis and elec-
trical remodelling. In 8 out of the 13 rToF patients, functional lines of
block were visible endocardially during SR and/or pacing. The (dis)ap-
pearance of lines of block may be explained by the fact that collagen
can affect conduction in an anisotropic manner, meaning that activation
of the tissue in one direction will lead to conduction block, while
conduction in another direction is not negatively influenced.”"* Since
the functional blocks often occurred in the RVOT (in 5/8 patients
who had functional block during either SR or pacing), we may speculate
that surgical scars are (partially) responsible for these blocks.
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Figure 5 Activation times in different zones of the endocardial RV balloon array (A) and at the LV (B) and RV epicardium (C). Dispersion of activa-
tion times in different zones of the endocardial RV balloon array (D) and at the LV (E) and RV epicardium (F). Black symbols denote sinus rhythm
(SR), red symbols denote pacing (PACE), other abbreviations as in Figures 2—4. Turquoise triangles in B and C denote data obtained from a study using
electrocardiographic imaging.'® Horizontal lines in panels A and D represent the mean values. *P < 0.05 between the indicated values.

Additionally, since fibrotic tissue has been found outside of the
patches in RVOT and VSD both in rToF patients' and in animal
models of rToF,"™" fibrosis may also have played a role in functional
blocks outside of the RVOT. However, delays in regions with fibrosis
are also governed by the length of fibrotic strands, with short strands
hardly affecting conduction.” It is therefore possible that fibrotic tis-
sue did not automatically cause conduction block, which may be an
explanation for the relative rareness of epicardial functional conduc-
tion blocks in rToF patients (one out of four).

Another potential cause of lines of functional block is electrical
remodelling and one protein that may be involved in this process is
connexin 43 (Cx43). Its expression can decrease, and it may be found
in a more lateral location on cardiomyocytes. Cx43 abnormalities
have been shown in an animal model of r'I'oF,M'15 and also in RV sam-
ples of rToF patients.®

Unfortunately, no imaging data regarding cardiac fibrosis was avail-
able in any of the patients, but we can speculate about the reasons
for finding structural blocks in the RVOT, particularly at the junction
of the RVFW and the septum. Firstly, fibrotic tissue has been fre-
quently observed at the RVFW-septum junction in patients with
rToF."” Secondly, even in normal hearts tissue architecture is less or-
ganized at the ventricular junctions than elsewhere in the ventricular
walls."® It should be noted, however, that the patients that were in-
cluded in the present study all underwent electrical mapping to
search for foci of arrhythmia, meaning that they represent the
patients with the most severely affected tissue properties in their re-
spective categories.

Activation dispersion in rToF during

ventricular pacing

In this study, we used ventricular pacing to specifically test conduc-
tion properties in the working myocardium. Doing so, it was ob-
served that epicardial activation dispersion in both right ventricle and
left ventricle of rToF patients was quite comparable to that in non-
rToF patients. Therefore, these data indicate that even if there are
demonstrable tissue conduction abnormalities (structural and/or
functional block), overall conduction is hardly affected.

During RV pacing, endocardial RV activation dispersion did not in-
crease in the RVOT or RVFW. This further supports the notion that
cardiac tissue properties of the majority of the RV areas are similar,
since conditions like extensive fibrosis, electrical uncoupling or patch
are expected to create zones of conduction delay or blocks.®”'> The
fact that comparable values of RVFW activation dispersion were
measured using endocardial and epicardial mapping and that endo-
cardially and epicardially measured dispersion changed comparably
between SR and pacing further underlines the relative tissue homoge-
neity in rToF hearts.

Extrapolation to resynchronization of
rToF patients

Since RBBB in rToF patients is so prevalent, RV resynchronization
through CRT is a tantalizing possibility. This may be especially true in
hearts with RV hypertrophy (which may remain present in patients
with rToF, due to residual pulmonary stenosis), since studies in dogs
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have shown that the negative haemodynamic effects of RBBB are
more pronounced if the right ventricle is hypertrophied.'® Moreover,
dyssynchrony itself leads to extensive ventricular remodelling, poten-
tially further worsening ventricular function and increasing the risk of
arrhythmia.20

Analogous to the abnormal contraction pattern observed in the
left ventricle of patients with LBBB, patients with rToF and RBBB
show dyssynchronous contraction in the right ventricle.?! Indeed,
several small studies have shown that CRT can improve synchrony of
activation and cardiac function in patients with rToF, either through
RV pacing aimed at fusion with the intrinsic activation wave front or
through biventricular pacing.zz’24 Even more interesting is the finding
in a combined patient and computer simulation study that correction
of the dyssynchrony in rToF patients may be of larger benefit to RV
function and exercise tolerance than surgical correction of pulmo-
nary valve regurgitation.25

Although we did not investigate CRT, our findings underline the
potential to resynchronize the ventricles because our data primarily
indicate conduction blocks proximal in the rapid conduction system.
Moreover, because functional lines of block are also commonly found
in patients with LBBB* (in whom CRT has become an established
treatment®’) we do not believe that their presence precludes suc-
cessful CRT in rToF patients. In addition, activation dispersion in the
right ventricle and left ventricle during ventricular pacing was compa-
rablein rToF and in LBBB patients.

Limitations

This study has several limitations. Firstly, the number of patients that
was studied was small and no healthy controls were included. Both
are not surprising given the invasive nature of the mapping proce-
dure. Only one pacing site was studied, and this site was not stan-
dardized for all patients. In comparison to studies focusing on the
presence of isthmuses leading to ventricular arrhythmias,”® the den-
sity of electrodes in the most basal part of the RVOT of the sock and/
or balloon mapping arrays used in the present study may have been
somewhat lower.

Conclusions

Approximately three decades after repair surgery structural
lines of block are rare in rToF patients. Dispersion of activation
in both endo- and epicardium of the RVFW is virtually unchanged
between SR and RV pacing. Furthermore, activation dispersion
in both right ventricle and left ventricle during pacing is compara-
ble with that in non-BBB and LBBB patients. These findings
indicate that the delayed activation in the right ventricle of rToF
patients is predominantly due to blocks in the Purkinje system,
while conduction properties in the right ventricle are relatively
normal.
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