Original Article

Acta Cardiol Sin 2019;35:493-500
doi: 10.6515/ACS.201909_35(5).20190312A

Pediatric Cardiology

A Novel and Simple Algorithm Using Surface
Electrocardiogram That Localizes Accessory
Conduction Pathway in Wolff-Parkinson-White
Syndrome in Pediatric Patients

Hsing-Yuan Li,%*? Shih-Lin Chang,** Chi-Hsi Chuang,® Ming-Chih Lin,>® Yenn-Jiang Lin,*” Li-Wei Lo,** Yu-Feng Hu,**
Fa-Po Chung,*’ Yao-Ting Chang,”* Chieh-Mao Chung,*” Shih-Ann Chen®” and Pi-Chang Lee™?

Background: The location of the accessory pathway (AP) can be precisely identified on surface electrocardiography
(ECG) in adults with Wolff-Parkinson-White (WPW) syndrome. However, current algorithms to locate the AP in
pediatric patients with WPW syndrome are limited.

Objective: To propose an optimal algorithm that localizes the AP.in pediatric patients with WPW syndrome.
Methods: From 1992 to 2016, 180 consecutive patients aged below 18 years with symptomatic WPW syndrome
were included. After the exclusion of patients with non-descriptive electrocardiography (ECG), multiple APs, congenital
heart diseases, non-inducible tachycardia, and those who received a second ablation, 104 patients were analyzed
retrospectively. Surface ECG was obtained before ablation and evaluated by using previously documented algorithms,
from which a new pediatric algorithm was developed.

Results: Previous algorithms were not highly accurate when used in pediatric patients with WPW syndrome. In the
new algorithm, the R/S ratio of V1 and the polarity of the delta wave in lead | could distinguish right from the left
side AP with 100% accuracy. The polarity of the delta wave of lead V1 could distinguish free wall AP from septal AP
with an accuracy of 100% in left-side AP, compared to 88.6% in leads Ill and V1 for right-side AP. The overall
accuracy was 92.3%.

Conclusions: This simple, novel algorithm could differentiate left from right AP and septal from free wall AP in

pediatric patients with WPW syndrome.
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INTRODUCTION

Wolff-Parkinson-White (WPW) syndrome was dis-
covered by Louis Wolff, Sir John Parkinson, and Paul Dud-
ley White in 1930." It is the most common cause of
tachycardia in children.> WPW syndrome can be defined
as short PR, a delta wave, and wide QRS interval on a
12-lead surface electrocardiogram (ECG).

An electrophysiological study (EPS) is a procedure
carried out if abnormal heart rhythms and/or conduc-
tion disorders are suspected, and radiofrequency cathe-
ter ablation (RFCA) is one of the standard treatments for
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WPW syndrome. An accurate prediction of the acces-
sory pathway (AP) location before ablation can save pro-
cedural time and decrease fluoroscopic exposure. When
the AP is suspected of being close to normal conduction,
a safer procedure can be used such as cryoablation.

ECG characteristics are used in identifying the AP
location in individuals with WPW syndrome. Rosen-
baum et al. first classified WPW syndrome as type A
(AP on the left side) and type B (AP on the right side)
using the V1 R/S ratio.’ Subsequently, more precise al-
gorithms were developed for adults.**® The major cri-
teria for identifying AP by 12-lead surface ECG for
adults include the axis of delta waves, the polarity of
QRS, or both in different leads. Adult algorithms have a
high accuracy of above 90%. However, Wren et al.
found that adult algorithms are less efficient in localiz-
ing AP in pediatric patients, especially right side AP.*!
Boersma et al. developed a pediatric algorithm, how-
ever the location of right-side AP was still difficult to
identify."

In this study, we assessed several adult algorithms
for their accuracy in a pediatric cohort. We then created
a new pediatric algorithm after referencing these adult
algorithms.

METHODS

Patients

This retrospective study was approved by the Insti-
tutional Committee on Human Research Board at Tai-
pei-Veterans General Hospital (2018-02-010AC). From
July 1992 to February 2016, a total of 180 consecutive
patients aged below 18 years with clinically symptom-
atic WPW syndrome who underwent successful RFCA
with no WPW pattern on ECG or tachycardia for more
than 6 months after ablation were included retrospec-
tively. Patients with congenital structural heart diseases,
RFCA more than once, more than one AP, and those with
faded thermal printing on 12-lead surface ECG that made
analysis very difficult were excluded. Before ablation, in-
formed consent for EPS and RFCA was obtained from
the parents of the patients who were younger than 18
years. If the patient was taking antiarrhythmic agents,
they were asked to stop treatment for at least 5 half-
lives before catheterization."
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EPS and RFCA

The patients underwent EPS and RFCA as a routine
procedure described in a previous study."* The RFCA was
carried out at the atrioventricular (AV) ring at the AV fu-
sion region using an intracardiac electrogram (EGM).

Locations of successful ablation

The nomenclature of AP location was adapted from
that proposed by Chiang et al., and included eight loca-
tions in the tricuspid valve [right anterolateral (RAL),
right anterior (RA), right anterior septal (RAS), right me-
dial septal (RMS), right posteroseptal (RPS), right poste-
rior (RP), right posterolateral (RPL), and right lateral
(RL)], and five positions in the mitral valve [left antero-
lateral (LAL), left lateral (LL), left posterolateral (LPL),
left posterior (LP), and left posteroseptal (LPS) region].
The success of ablation of these sites was evaluated by
the patient’s attending electrophysiologist.

ECG analysis and validation of previous algorithms

ECG results were collected retrospectively. The 12-lead
surface ECG tracings were obtained before catheter abla-
tion. The recording speed of the ECG was set at 25 mm/s
and the amplitude at 10 mm/mV. Senior and junior cardiac
electrophysiologists analyzed the 12-lead surface ECG us-
ing previous algorithms without knowing the AP location.
Table 1 shows the comparison and number of sites identi-
fied using the new algorithm and previous algorithms.

Development of the novel pediatric algorithm

The leads which were applied in the adult algori-
thms were referenced for the development of the new
algorithm, considering that the frequency and useful-
ness of the previous algorithms have been validated.
The strategies of the adult algorithms are summarized in
Table 2. The new algorithm was generated theoretically
and objectively, and was then revised until the main
parts were distinguishable.

In the new pediatric algorithm, we aimed to differ-
entiate the AP as four main parts: the left septal region
(LS), left free wall region (LF), right septal region (RS),
and right free wall region (RF). Compared with Chiang’s
algorithms, the LS was equal to the LPS, the LF was com-
posed of the LAL, LL, LPL, and LP, and the RS consisted of
the RPS, RMS, and RAS. In addition, the RF was com-
posed of the RA, RAL, RL, RPL, and RP.



Algorithm for Pediatric WPW Syndrome

Table 1. Comparison of the previous WPW algorithms and our algorithm with the nomenclature

Our algorithm LF LF LF LF LS RS RS RS RF RF RF RF RF
Arruda® LAL LL LPL LP PSMA  PSTA MS AS RA RAL RL RPL RP
Boersma'' LL LL LPS LPS LPS PS MS MS AS RL RL RL RPS
Chiangs LAL LL LPL LP LPS RPS MS RAS RA RAL RL RPL RP
d’Avila® LL LL LP LPS LPS RPS RMS RAS RAL RAL RAL RPL RPL
lturralde® LPL/LAS LPL/LAS LIP/LI  LIP/LI  LIP/LI RIP/RI  RASP  RASP RA RA RA RIP/RI  RIP/RI

AS, anteroseptal; LAL, left anterolateral; LAS, left anterosuperior; LF, left free wall; LI, left inferior; LIP, left inferior paraseptal; LL,
left lateral; LP, left posterior; LPL, left posterolateral; LPS, left posteroseptal; LS, left septal; MS, midseptal; PSMA, paraseptal mitral
annulus; PSTA, paraseptal tricuspid annulus; RA, right anterior; RAL, right anterolateral; RAS, right anteroseptal; RASP, right
anterosuperior paraseptal; RF, right free wall; RL, right lateral; Rl, right inferior; RIP, right inferior paraseptal; RMS, right midseptal;

RP, right posterior; RPL, right posterolateral; RS, right septal.

Table 2. Simple descriptions, total accuracy, right-side total accuracy and left-side total accuracy in pediatric patients with the

previous algorithms and the newly developed algorithm

Simple descriptions Total Right side Left side
Arruda 4 individual steps 46.2% 34.3% 70.6%
1.1(A<+)orV1(RS>1)— AVF (A)
2.1 (A: )
3.V1 (A< +) = AVF (A)
4. Remaining — AVF (A)
Boersma 3 sequential steps 70.2% 77.1% 55.9%
V1 (RS), Il (RS), Il (RS)
Chiang 4 sequential steps 48.1% 32.9% 79.4%
V2 (RS), Il (A), AVF (A) / V1 (RS)
d’Avila 4 sequential steps 30.8% 11.4% 70.6%
V1 (RS), Il (RS), AVL (RS) /1l (Q) —> RSII(RS)
Iturralde 3 sequential steps 46.2% 41.4% 55.9%
Il (RS), V1 (RS), V2 (RS)
Li 3 sequential steps 92.3% 88.6% 100%

V1 (RS), V1 (A) / 1(A) = 1l (&)

RS, R/S polarity; A, delta wave polarity; < +, = or -; /, followed by the different result of previous step in the same level of algorithm;

—, next step only following by the one of the previous step.

Statistical analysis

Continuous data were presented as mean £ SD. The
overall accuracy was calculated by dividing the number
of patients with correct predictions by the total number
of patients. The right-side accuracy was calculated by di-
viding the number of patients with a correct prediction
of right-side AP by the number of patients with the AP in
the tricuspid region. The left-side accuracy was calcu-
lated by dividing the number of patients with a correct
prediction of left-side AP by the number of patients with
AP in the mitral region.

RESULTS

Patients’ characteristics
Of the 180 consecutive patients, 76 were excluded

495

due to the following reasons: 45 had no ECG records
or barely visible ECG waveform, 5 presented with Ma-
haim fibers, 7 also had congenital heart diseases, 17
had either two APs or had undergone second abla-
tion, 1 also had Turner syndrome, and 1 was conjoined
with no inducible arrhythmia. Finally, a total of 104
patients with symptomatic WPW syndrome and a sin-
gle AP were enrolled. The mean age of the patients was
13.6 + 3.4 years (range: 3-18 years), and the male-to-
female ratio was 63:41. The age and location distribu-
tion and sex and location relationship are presented
in Figure 1.

Accuracy of the pediatric ECGs using the adult and
pediatric algorithms

Table 2 summarizes the steps of each algorithm, and
the total, right-side, and left-side accuracy of the adult
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Figure 1. Age (years) distribution, patient number in each location and gender distribution of pediatric patients with WPW syndrome.

and pediatric algorithms when used in our pediatric pa-
tients with WPW syndrome. In general, low total and
right-side accuracy were observed when the adult algo-
rithms were used, and relatively low total and right-side
accuracy were noted when Boersma’s pediatric algo-
rithm was used.

New pediatric algorithm

The new pediatric algorithm is shownin Figure 2. In
summary, the first step involved the use of the V1RS ra-
tio that was first reported by Rosenbaum in 1945.° In
our pediatric group, nine patients had left-side Kent
conduction that was misinterpreted at the wrong loca-
tion by Rosenbaum’s criteria. However, after the pa-
tients’” ECG tracings were subclassified based on the
polarity of the delta wave in lead I, the new algorithm
could differentiate left-side AP from right-side AP with
100% accuracy. In addition, right-side AP could par-
tially differentiate free wall AP from septal AP by the
negative polarity of the delta wave in lead Il and the
positive or isoelectric polarity of the delta wave in lead
V1. The overall accuracy of the new algorithm in our
patient group was 92.3% (96/104). The left-side accu-
racy was 100% (34/34), and the right-side accuracy was
88.6% (62/70).

DISCUSSION

Primary finding
In this study, the accuracy of adult algorithms was
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Figure 2. The validated pediatric algorithm. Step 1 analyzes R/S ratio
in V1, if the R/S > 1, left-side WPW is definite, and if the R/S < 1, the AP
needs further evaluation by the polarity of the delta wave of Lead I. Step
2 analyzes the delta wave polarity in V1 > 1 in V1 for differentiating free
wall and septum in left-side AP and analyzing the delta wave polarity in
Lead | to differentiate into left- and right-side AP. Step 3 uses the delta
wave polarity in Lead Ill that can separate partial right septum AP form
right free wall. Step 4 further separates the right septum and right free
wall AP by the delta wave polarity of V1.

low in predicting the AP in pediatric patients with symp-
tomatic WPW syndrome. We developed a new and sim-
ple algorithm that could differentiate left-side AP from
right-side AP, and septal AP from free wall AP in pediat-
ric patients with WPW syndrome.

Prognosis of children with WPW syndrome
Compared adults, AP might disappear several months
after birth and recur later in life. Perry et al. reported
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140 children with symptomatic WPW syndrome who de-
veloped tachycardia as early as 0-2 months after birth,
and 93% of their symptoms disappeared. However, 31%
experienced recurrence at 12 years of age.15 The Taiwan
National Health Insurance Program provided informa-
tion on pediatric WPW syndrome and RFCA therapy to
researchers. Between 2000 and 2014, the incidence of
WPW syndrome was 0.17/1000 patient-years in those
born between 2000 and 2008, of whom 28% were diag-
nosed by 1 year of age and 50% by 6 years of age. The
cumulative percentage of RFCA in WPW syndrome was
1.7% in infancy, 5.8% before 5 years of age, and 31.8%
before 10 years of age. Patients with WPW syndrome
may undergo ablation at a younger age due to a high
risk of sudden death if WPW syndrome is combined
with other cardiac problems in children, not developing
atrial fibrillation or cardiac death.'® In addition, unlike
Brugada syndrome, patients with WPW syndrome are
less likely to experience sudden death when AV reentry
tachycardia occurs.”’

Relationship of locations between symptomatic and
non-symptomatic pediatric WPW patients

In this study, all of the patients had tachycardia, and
more patient had right-side than left-side APs (R:L =
70:34). Poppone et al. studied 152 patients with asymp-
tomatic WPW syndrome who were under 12 years of
age, and reported that more patients had left-side than
right-side APs (L:R = 87:65)."® The results suggest that
right-side APs may trigger tachycardia more easily than
left-side APs during childhood.

Risk of catheter-related complications and lethal
ventricular arrhythmia in patients with WPW
syndrome

In Taiwan, Wu et al. reported that WPW syndrome
with major congenital heart diseases, cardiomyopathy,
and/or onset during infancy or early childhood was as-
sociated with a significant risk of death.'® RFCA is effec-
tive in controlling arrhythmia in patients > 5 years, and it
is also recommended for patients < 5 years when anti-
arrhythmic drugs fail to control the arrhythmia or when
they cannot tolerate the side effects of drugs.'® In our
study, three patients who were under 5 years of age un-
derwent RFCA for frequent tachyarrhythmia and/or the
inability to tolerate medications.

Differences between the algorithms for adults and
children

The ECG criteria used for the localization of AP in-
cluded the polarity of the delta wave or QRS or both.
D’Avila et al. used QRS polarity to predict the AP. The
first step used the V1RS that divided the AP from left to
right. However, in Rosenbaum’s research, using V1RS ra-
tio as types A and B could not accurately differentiate
right-side AP from left-side AP.?

When using the polarity of the delta wave to local-
ize the AP, it is difficult to predict the delta wave when
the AP is not fully pre-excited. Chiang et al. reported
that using ECG criteria for AP localization was not effec-
tive due to the absence of the definition of the polarity
of the delta wave in their algorithm.5 In addition, ac-
cording to Gallagher’s and Chiang’s research, the best
definition of the polarity of the delta wave was the ini-
tial 40 ms of the QRS wave. Moreover, the initial 40 ms
of the polarity of the delta wave was in accordance with
the morphological definition of the delta wave in adults.>*
In this algorithm, the polarity of the delta wave in lead
Il could differentiate right anteroseptal AP from the
other types. In addition, the V1 delta wave polarity
could differentiate right free wall AP from septal wall AP.
However, Chiang et al. did not use V1RS in the first step,
causing the right-side AP to be misinterpreted as left-
side AP, and some left APs with a V1RS polarity < 1 could
not be differentiated from right-side APs when the delta
wave in lead | or aVL was not used as the second step.

Iturralde et al. used the polarity of the QRS to local-
ize the AP.2 This algorithm first separated the septal re-
gion and the free wall region and then divided the left
side and right side using V1RS. Although the first step
did not utilize the polarity of V1RS but lead Ill, the slight
increase in right-side accuracy shows that lead IIIRS
might be useful in differentiating septal and free wall re-
gions.

Arruda’s algorithm, which is the most recent of these
adult algorithms, provided the most accurate and im-
portant information, including: 1) the first step should
be applied with the polarity of VIRS and lead | delta
wave; 2) the algorithm separates the heart into four
main parts (the left free wall, subepicardial, right free
wall, and septal regions); and 3) the use of the polarity
of V1 delta wave to separate the septal region and right
free wall is another method that can be adapted.

Acta Cardiol Sin 2019;35:493—-500
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Boersma et al. developed a pediatric algorithm which
was validated based on d’Avila’s algorithm. As previously
mentioned, d’Avila’s algorithm was not useful for the
pediatric group. Although its accuracy was higher than
that of the adult algorithms, the Boersma algorithm was
still not effective because of the mixed left-side and
right-side AP and mixed para-Hisian with a right free wall.

Because ablation of the AP in the septum carries a
higher risk of AV block, precisely predicting the AP loca-
tion near normal conduction is important. The risk must
also be explained to the family before the procedure.
Another critical point is right- or left-side AP ablation
before vascular sheath insertion in pediatric patients
due to their relatively small arteries.

In our new pediatric algorithm, we considered Ro-
senbaum’s ideas and also Arruda’s algorithm. First, the
polarity of VIRS was used. However, its positive and
biphasic/isoelectric polarity could only produce partial
accuracy of left-side AP (73%). The negative polarity of
V1RS and positive delta wave in lead | could subclassify
left-side AP from right-side AP with 100% accuracy.
Moreover, we slightly modified Chiang’s algorithm by
applying the polarity of the V1 delta wave to differenti-
ate LS and LF with 100% accuracy, and applying the po-
larity of lead Ill and V1 delta wave, which could differen-
tiate RF and RS with 88.6% accuracy. We found the four
RA APs were misinterpreted as RS, which is probably
due to the location of the RA [located between the sep-
tal and free wall (11 o’clock-2 o’clock in LAO view)]. Two
RL and 2 RPL APs were misinterpreted as RS due to AV
nodal interactions. AV nodal function in children'is more
predominant and faster than in adults, and the AP loca-
tion may be misinterpreted if the delta wave is not very
clear during the evaluation of the AP location using adult
algorithms. Boersma et al. showed that children have a
less maximal pre-excited WPW ECG pattern due to a
more robust AV nodal conduction.’® A new and simple
pediatric AP location algorithm may be able to over-
come these factors.

Resolution and accuracy

Some authors have reported that high resolution
can help identify the ablation site more precisely. Jo-
sephson reported that an electrophysiologist cannot ac-
curately identify the AP location using the initial 20-40
ms of the QRS (delta wave), the R/S ratio, or precordial
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lead transition in any leads in the absence of total pre-
excitation. Moreover, a simple approach that regional-
izes the AP is more reasonable. Teixeira et al. tested his
adult patients with WPW syndrome using published
adult and pediatric algorithms, and the overall absolute
accuracy varied between 27% and 47% which increased
to 40-76% when adjacent locations were included.”*
Thus, high resolution may lead to more misinterpreta-
tions and may not shorten the procedure time in more
than 50% of cases. However, how best to precisely re-
gionalize the AP is a challenge. Josephson suggested us-
ing a multipolar catheter, such as a Halo catheter, to re-
cord the tricuspid annulus circumferentially, and that
this may be useful in localizing the AP.

Benefit of the new pediatric algorithm

First, the adult algorithms usually predicted the AP
location using 8-11 specific locations. However, high
specificity and sensitivity were only found in their own
groups, and some showed low sensitivity and specificity
in other study groups. Therefore, too many locations
may decrease the flexibility and application of AP loca-
tion prediction. For example, some junior EP doctors
may spend considerable time ablating the AP location
where the algorithm states. This can also prolong the
procedure time and increase patient risk. Moreover,
most of algorithms are either complicated or difficult to
apply clinically.

Second, in our algorithm, differentiating left from
right and free wall to septal APs helped to narrow down
the AP location and also expedite the interpretation
time and treatment strategy making. It may therefore
be useful for the initial interpretation, size and location
of catheter insertion.

Third, the number of patients but not the patients’
heart size was the main problem limiting the number of
AP locations. Nevertheless, it was sufficient for the ini-
tial interpretation and treatment decision making.

Study limitations

This was a retrospective study conducted over a
long period of time, and nearly one-third of the data
could not be analyzed because ECG lines fade with time.
In addition there was no training group for the new al-
gorithm in this study due to the limited patient number.
By classifying the AP locations in our pediatric patients
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with symptomatic WPW syndrome into 13 areas as de-
scribed by Chiang et al., the algorithm could not abso-
lutely differentiate septal wall from free wall AP, particu-
larly in the RA region. We accidentally discovered that
the boys had a relatively higher incidence of symptom-
atic WPW syndrome before reaching the age of 18 years.
However, further investigations should be conducted to
clarify these findings.

CONCLUSIONS

The use of adult algorithms in predicting the AP lo-
cation in pediatric patients with WPW syndrome is not
ideal because of their substandard quality. We devel-
oped a simple and useful algorithm to differentiate left-
side AP from right-side AP, allowing for a more precise
vessel instrument assessment. Using this algorithm,
high-risk regions such as the RMS and RAS regions can
be identified with high accuracy. This novel algorithm,
therefore, makes it easier to explain the risks.
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