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Table. Clinical Characteristics and Results of Independent Component Analysis in Patients With Long-QT Syndrome
Syncope, ACA, Pharmaco Main Origin Main Origin Main Origin
Pt No. Age,y Sex Genotype or VI/TdP QTc, ms  Therapy  No. ICs of ExT1t of ExT2t of ExT3t Classification*
1 19 F A226V Syncope 482 BB 5 V2-V6, max-V4 V4-V6 d
2 48 F A226V 478 5 V2-V6, max-V3  V3-V6, max-V6 d
3 15 F D242N 473 5 V2-V6, max-V5 V3-v6 c
4 18 F D242N 486 5 V2-V6, max-V3 V3-v6 c
5 10 M V254M Syncope 539 BB 5 V2-V6, max-V5  V3-V6, max-V5 d
6 15 M V254M Syncope, 478 BB 5 V1-V6, max-V2  V1-V6, max-V3 d
convulsion
7 45 F V254M Convulsion 525 5 V1-V6, max-V2  V2-V5, max-V3 d
8 3 M 1313K Syncope 528 BB, verap 6 V1-V4(n), V5-V6 V1i(n), V5-V6 V1-V4, max-V3 a
9 13 M 1313K Syncope 550 BB, verap 5 V2-V6, max-V4  V4-V6, max-V4 d?
10 34 F 1313K Syncope 583 BB, mexil 6 V4-V6, max-V5  V2-V6, max-V4 V1, V3-V5 b
11 34 F 1313K Syncope 590 BB, mexil 5 V2-V6, max-V5  V3-V6, max-V4 b
12 6 M A341V Syncope 580 BB 8 V1-V2, V3-V4(n) V2, Va(n) V2, V4 b
13 1 M A344E . 488 . 6 V1-V2(n), V4-V6  V2(n), V4-V6 V1-V3 d
14 20 F L1346V 492 BB 5 Vi(n), V2-V6 Vi(n), V3-V6 d
15 15 M R366W . 503 5 Vi(n), V3-V6 Vi(n), V5-V6 d?
16 12 M P448R . 428 . 6 V1-V2(n), V4-V6  VI(n), V4-V6 Vi c
17 20 F P448R Convulsion, 543 BB 6 Vi(n), V3-V6 V3-V6, max-V5 V1-v2 bifid
Tdp
18 43 F P448R . 559 . 6 Vi(n), V5-V6 V3-V6, max-V5 Vi bifid
19 17 M R518G Syncope 429 BB 5 V2-V5, max-V3 V3 c
20 18 M R518G Syncope 426 BB 5 V3-V5, max-V4 V3-V6 c
21 14 M R555C Syncope 508 BB 5 V1-V2(n), V5-V6  V1-V2(n), V4-V5 d
22 9 F (643S . 521 6 V2-V4(n), V6 V1-V4(n), V6 V1-V4(n), V6 bifid

ACA indicates aborted cardiac arrest; BB, 3-blocker; IC, independent component; mexil, mexiletine; (n), negative wave; TdP, torsade de pointes; verap, verapamil;

VT, ventricular tachycardia.

*T-wave type on original ECG according to the classification by Zhang et al? as follows: a indicates infantile type; b, broad-based type; bifid, bifid T wave usually
observed in long-QT syndrome type 2; ¢, normal-appearing type; d, late-onset normal-appearing type; d?, type d is possible.
fleads on original ECG from which each extra IC originated, with the maximum origin being presented as max.

ECG, some unavoidable noise exists, including that generated
by respiratory movement and muscle contraction, in addition
to extrinsic noise, such as that from electric waves. To filter
these, we applied the wavelet thresholding method® 10 to the
digitized ECG before ICA to effectively reduce noises.
Furthermore, inverse ICA (i-ICA), an algorithm originally
developed by 1 of the authors (Y.I),'! was applied to the
results of ICA to determine the origin of each IC extracted by
the ICA that comes from the original surface. The i-ICA also
was used to verify that each IC contributed significantly to
the composition of the T wave and not derived from noise.

Methods

Subjects

We studied 22 patients (mean==SD age, 21.6%13.3 years) with
genetically confirmed LQT! (by KCNQ/ gene mutation) and 30
age-matched healthy control subjects free from cardiovascular dis-
eases. None of the subjects of the latter group were taking medica-
tions with electrophysiological effects. The study protocol was
approved by the Ethics Committee of the University Hospital of
Tsukuba (Ibaraki, Japan), and informed consent was obtained from
each patient or parents if the patient was aged <(15 years. Thirteen of
the 22 patients with LQT1 had a history of syncope, convulsions, or
previous demonstration of ventricular tachycardia on ECG, and 13
patients were being treated with oral 3-blockers of whom 4 com-

bined this with mexiletine or verapamil after the ECG recording
(Table).

The T-wave morphology on the standard 12-lead ECG was
classified according to the format proposed by Zhang et al.2 They
described 4 different T-wave morphologies characteristic for LQT1,
including infantile type, broad-based type, normal-appearing type,
and late-onset normal-appearing type.

Sampling of ECG Data

The ECG was recorded as time series data using an ECG amplifier
(MA1000; TEAC; Tokyo, Japan). The time constant was set at 3.0
seconds. Signals were recorded from 10 channels using 20 silver-
silver chloride surface electrodes. Channel 1 was set as lead I
channel 2 as lead II; channel 3 as lead III; channels 4 to 9 as bipolar
leads from chest to left leg, each corresponding to Cl to C6 of
conventional 12-lead ECG; and channel 10 as 4C9, representing a
bipolar lead from the fourth intercostal space on the left spine border
of the back to the fourth intercostal space at the left sternal border of
the forechest. In each subject, the recorded data were digitized online
with an A/D converter (EC-2360; Elmec; Tokyo, Japan) at a
sampling rate of 1024 Hz and saved in a notebook computer as a data
file for future analysis. The data of C1 to C6 were converted into V1
to V6 using the following formula to produce ECG images:
Vi=Ci+{I+1)/3, where i=1 to 6.

ECG Data Analysis

The methods used for data analysis comprised the following 4 main
steps: (1) noise reduction by wavelet thresholding method?® !¢ (ie,
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Figure 1. Noise reduction by wavelet thresholding method in a normal subject. Blue trace indicates original waveforms and red trace,
approximated waveforms after noise reduction, indicating a good approximation (left 2 columns). However, when another level of wave-
let was applied, there was dissociation between the peaks of the original T wave and the peaks of approximated T wave in V3 to V5
(right 2 columns, arrows), indicating inappropriate approximation. The unit for the vertical axis is mV.

approximation by wavelet), (2) radical ICA® with the additive
random noise, (3) selection of the best model from the results of
repeated ICAs, and (4) i-ICA for determination of the origin of each
IC. The methods of these 4 steps used in the present study are
described fully in the expanded Methods section in the online-only
Data Supplement.

Noise Reduction by Wavelet Thresholding Method

To reduce noise before ICA, the hybrid threshold method (a
combination of the universal threshold method and Stein unbiased
risk estimate threshold method) was applied to the T-wave area
(from the J point to the onset of the next P wave) of the digitized
ECG. In this process, 4 types of wavelets were used, from which 1
with a maximum resolution level and best approximation to the
original ECG was selected (online-only Data Supplement Figure 1).
That the shape of the approximated data corresponded to the original
data was confirmed by verifying each peak and flexion point of the

T wave using the inverse wavelet transformation technique for each
lead (Figure I).

Radical ICA With the Additive Random Noise

The approximated data were analyzed by radical ICA. To improve
the performance of ICA and, specifically, to avoid falling into the
local extrema, we used the additive random noise, which was
generated in muliiples of the SD of the given data. The size of the
additive noise had 10 values of SD, and radical ICA was repeated 16
times for each SD size, making the total times of ICA 160 for each
case (online-only Data Supplement).

Selection of the Best Model From the Results of
Repeated ICAs

To select the best model from the 160 results of ICA in each case, 3
indices of each ICA were calculated: Amari error,'? relative mutual
information, and the fourth-order cumulants.!?> We then used the
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model-based clustering function (mclust method),!*!5 which is an R
(a free software environment for statistical computing and graphics)
package for normal mixture modeling through expectation maximi-
zation, model-based clustering, discriminant analysis, and density
estimation. The results of ICA with these 3 variables were classified
into =2 clusters by the mclust method'*!5 to select the most
appropriate model for the data (online-only Data Supplement Figure
2). The noise reduction by the wavelet thresholding method (hybrid
threshold method),®!¢ the radical ICA, and the mclust method was
performed with R software.

i-ICA for Determination of Origin

The i-ICA is an original method developed by 1 of the authors
(Y.I)!* (online-only Data Supplement) and was applied to the results
of ICA to investigate the origin of each T-wave component extracted
by ICA (ie, the distribution of each component on the observed
surface ECG). Through this analysis, we also confirmed that each IC
was a significant T-wave component, not a noise, and thus, the
number of ICs could be determined in each case.

Results

Noise Reduction by Wavelet Thresholding Method
Noise reduction (ie, approximation of the data) by wavelet
thresholding method could be appropriately applied to all
cases and was useful for the following ICA (online-only Data
Supplement). Figure 1 shows a typical noise-reduction tech-
nique in a normal subject.

ICA and i-ICA in Normal Subjects

The best model was selected from 160 times ICA based on
the 3 indices mentioned previously followed by the mclust
method. (Details of the selection of the best model by mclust
method are provided in the online-only Data Supplement.)
Because the number of ICs does not theoretically exceed the
number of data (ECG leads), 10 ICs at maximum were
obtained by ICA in each case (Figure 2). However, in all 30
normal subjects, the T wave of the best model comprised 4
ICs. Those ICs were arbitrarily called pre-T, early-T,
middle-T, and late-T, in the order of their appearance. A
typical example is presented in Figure 3 and online-only Data
Supplement Figure 3. In the next step, we applied i-ICA to the
results of ICA in order to recognize the local distribution of
each IC on the original ECG (Figure 3). Early-T became the
maximum in the vicinity of V3 and V4 and formed the early
phase of the T wave. Late-T was the main contributor to the
V5 waveform. The middle-T occupied the area between
early-T and late-T. Pre-T existed in the early phase of early-T
in V3 and V4 (Figure 3, online-only Data Supplement Figure
3), although this IC was not always extracted. When absent,
a small positive wave (last-T) instead of pre-T appeared after
late-T in V4 to V6, making the number of ICs 4 in all normal
subjects.

ICA and i-ICA in LQT1

The number of ICs of the best model that formed the T wave
was =5 in all 22 patients with LQTS. Five ICs, 6 ICs, and 8
ICs were extracted in 14 patients, 7 patients, and 1 patient,
respectively (Table). These ICs comprised the 3 previously
mentioned normal ICs (ie, early-T, middle-T, and late-T) and
=2 additional ICs. We call the latter extra ICs ExT1, ExT2,
and ExT3. ICs extracted from the T wave in LQTS are shown
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Figure 2. Ten ICs extracted by independent component analysis
(ICA) in a normal subject and patients with long-QT syndrome.
A, Ten ICs of the best model of a typical normal example. The
10 ICs were extracted by the ICA of the second time of the SD
0.7 group among 160 times ICA results. B, Ten ICs extracted by
ICA, including 2 extra ICs, in a typical example of LQTS with 5
ICs. C, Ten ICs extracted by ICA, including 3 extra ICs, in a typ-
ical example of LQTS with 6 ICs. IC indicates independent com-
ponent; ICx, the xth IC that appears in sequence by ICA (x=1 to
10 at maximum because the number of ICs do not exceed the
number of data [ECG leads)).
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in Figures 4 and 5 and online-only Data Supplement Figures
4 and 5.

The origins of the extra ICs determined by i-ICA in each
patient with LQTS are listed in the Table. In most cases, the
origin of ExT1 was the middle part of the T wave in V1 to
V6, with the maximum origin in V2 to V5, and that of ExT2
was the late phase of the T wave mainly in V3 to V6. In cases
with 3 extra ICs, the origin of ExT3 was exclusively the last
part of the T wave mainly in V1 and sometimes in the left
precordial leads. Among patients with the same gene muta-
tion type (mainly family members), the constitution of the T
wave was similar to one another; for example, the 3 subjects
with the mutation V254M and the 2 with R518G showed
similar ICs and their origins as well as the same type of T
wave described by Zhang et al? (Table).

Even among 13 patients with LQT1 who were being
treated with a B-blocker, 4 of whom also were being treated
with verapamil or mexiletine, =5 ICs were extracted. In those
with apparently normal QT intervals (patients 16, 19, and 20),
extra ICs also were extracted. Patient 20 (Table) with normal
QTc values under treatment with a B-blocker is presented in
Figure 4 (see also online-only Data Supplement Figure 4). On
the other hand, among 13 symptomatic patients, 5 ICs, 6 ICs,
and 8 ICs were extracted from 9, 3, and 1, respectively,
indicating that the number of extra ICs was not related to
susceptibility to arrhythmias.

The classification of the types of T-wave morphology
according to Zhang et al? are presented in the Table. Patients
with the broad-based or normal-appearing T-wave morphol-
ogies tended to have 5 ICs, and those with the infantile or
bifid ones tended to have 6 ICs (Table).

Discussion

The present study demonstrated for the first time, to our
knowledge, that the T wave in normal subjects consists of 4
ICs, whereas those in LQTS comprised =5 (mostly 6) ICs,
when ICA is applied to the T-wave area (ie, from the J point
to the onset of the next P wave). In other words, =2 extra
components were detected in LQTS in addition to the normal
ICs present in LQTS (early-T, middle-T, and late-T). In
LQTS with 5 ICs, summation of early-T, middle-T, and
late-T made a distinct wave, and that of the other 2 waves
(ExT1 and ExT2) provided another distinct wave. These 2
summated waves clearly divided each other. Therefore, the
number of ICs of normal T waves was considered 3 instead of
4, and the other 2 waves were considered extra. Similarly, the
T wave comprised 3 normal ICs and 3 extra ICs in LQTS with
6 ICs. It is noteworthy that patients with LQTS were clearly
differentiated from normal subjects by the number of ICs.
Furthermore, patients with LQT1 who showed normal QT
intervals on the surface ECG (patients 16, 19, and 20) (Figure
4, Table) or those who were taking B-blockers also had
additional ICs of the T wave (Table). However, unbiased
estimates of the sensitivity and specificity of the method for
the differentiation between patients with LQT1 and normal
subjects should be obtained in an independent validation
group with a large number of subjects.

We arbitrarily termed each T-wave component detected in
the normal subjects as pre-T, early-T, middle-T, and late-T,
and those observed only in patients with LQT1 as ExT/,
ExT2, and ExT3...ExTn. The additional ICs were demon-
strated by i-ICA to be located largely in the middle (ExT1) and
late phase (ExT2 and ExT3) of repolarization, forming the
second half or the last part of the T wave. The origin of ExT1

|
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Figure 4. A typical case of LQT1 with 5 ICs (patient 20) (see Table). A, The 12-lead standard ECG, showing normal QTc (426 ms) and
normal T-wave morphology. B, Results of independent component analysis (ICA) and inverse ICA. Although a B-blocker was being
administered and the QT interval was normal, 5 ICs were extracted. The seventh-time ICA of the SD 0.7 group of tk22d6 was assumed
to be the best model according to the rule described in the Methods section. The waveforms here are presented in the same way as in
Figure 3. B1, IC3 was early-T, similar to that observed in normal T. B2, IC8 existed between IC3 (early-T) and I1C1(late-T), and was
named middle-T as in normal T. B3, IC1 formed the second half of the T wave in V1 to V2 and the middle part or the first half of the T
wave in V3 to V6 (named /ate-T). B4, IC2 appeared later than IC1 (late-T) as the fourth wave in the time series, showing the maximum
value at V4, and formed the latter half of left precordial leads (named ExT7). B5, 1C4 appeared later than IC2 (ExT1) (named ExT2) as an
inverted T wave with a small amplitude in V1. The maximum amplitude was observed in V4. It was confirmed to be located over V3 to
V6 on the original ECG. IC indicates independent component.

was estimated to be widely distributed to V1 to V6 and those of Although the origins of extra ICs could not be clearly confined
ExT2 and ExT3 were mainly to V3 to V6, suggesting the to a specific area, this distribution tendency is consistent with the
presence of many myocardial cells that express malfunctional results of a canine model study in which after-contraction that

potassium channels due to KCNQI mutation in the left ventricle. precedes torsade de pointes arises in the left ventricle.!®
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Figure 5. A typical case of LQT1 with 6 ICs (patient 13) (see Table). A, The 12-lead standard ECG showing prolonged QTc (488 ms). B, Results of
independent component analysis (ICA) and inverse ICA. The seventh-time ICA of the SD 0.7 group of [a20d5 by the mclust method was selected
for the best model of this LQTS according to the rule described in the Methods section. The waveforms in each part are presented in the same way
as in Figure 3. B1, IC4 was early-T, appearing as the first small wave in the right precordial leads similar to that observed in normal T. B2, IC2 was
middle-T, being located at the position from the early to middle period in the right precordial leads. B3, IC8 appeared as the third wave, forming the
latter half of the T wave in the right precordial leads (late-T). B4, IC1 appeared as the fourth wave and formed the inverted T wave in the right prec-
ordial leads as well as in the latter half of the T wave in the left precordial leads. This IC was ExT1 not observed in normal T waves. B5, IC3
appeared sequentially as the fifth wave, forming the latter half of the inverted T wave in the right precordial leads V1 to V2 as well as in the last part
of T wave in the left precordial leads. This IC was ExT2 and not observed in normal T waves. B6, IC10 appeared as the sixth single wave, compris-
ing the last tiangle portion of the T wave in the right precordial leads. This IC was ExXT3 and not observed in the normal T waves. Although the nor-
mal T wave in some healthy control subjects resembled the Aries symbol in lead V2, the last triangle existed not in normal subjects but in patients
with LQTS as a single IC. IC indicate independent component.
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Recent discovery of many types of mutations of genes
encoding myocardial ion channels has encouraged channel-
based discussion about T-wave morphology.* Nevertheless,
the clinical usefulness of the T-wave morphology in the
diagnosis of LQTS has been limited because quantitative
analysis cannot be easily applied. In 1995, Moss at al®
demonstrated for the first time the genotype-specific mor-
phology of the T wave. In 2000, Zhang et al? reported more
complex diversity in T-wave morphology in each type of
LQTS as described earlier. Accordingly, we tried to classify
the present study patients into the template. The infantile-type
T wave could only be detected in 1 patient in our study who
was aged <5 years. Although the other 3 types of T wave
were identified, the wave morphology was rather similar to
that of LQTS type 2 (hRERG mutation), with a bifid T wave in
3 patients.!” This classification was mostly qualitative and
depended on the skill and experience of the investigator, and
it was not necessarily easy to classify the patients convinc-
ingly. However, it is intriguing that the types of T-wave
morphology described by Zhang et al? were associated
considerably with the number of ICs in the present study.
Furthermore, it is noteworthy that even in the “normal”
T-wave types with normal QTc values, extra ICs were
extracted (Figure 4, online-only Data Supplement Figure 4).

Among the quantitative methods of analysis, QT dispersion
on the 12-lead ECG is one of the most common parameters
applied to LQTS.'® However, the value of QT dispersion
remains clouded because determination of the T-wave offset
is not always possible, and it is possible that some of the QT
intervals measured on the different ECG leads are just
different projections of a common current dipole. Assessment
of monophasic action potentials at various ventricular sites is
a more definitive way to evaluate the heterogeneity of
ventricular repolarization,'® but it is an invasive method using
an electrode during catheterization. Recently, Kanters et al'”
applied the Hill equation to T-wave morphology analysis.
Furthermore, Vaglio et al'® reported an automatic algorithm
for the quantification of T-wave morphology. Both methods
could discriminate LQT1 from LQT2 and, interestingly,
revealed that the repolarization process shifted to the later
phase in LQT1 than LQT2. This tendency is consistent with
the present results that extra ICs mainly constitute the second
part of the T wave.

As a multivariate analysis of inhomogeneity of ventricular
repolarization, the principal component analysis has been
applied for the assessment of T-wave morphology in LQTS
by some investigators,?*2! the results of which demonstrated
its usefulness in distinguishing abnormal from normal repo-
larization processes such that a high second/first eigenvector
ratio predicts increased inhomogeneous repolarization.20-2!
Principal component analysis also was reported to be useful
in prediction of cardiovascular mortality.22 So far, ICA has
not been applied for analysis of the repolarization process in
LQTS. It is noteworthy that =2 extra ICs, which were not
extracted from T waves of normal subjects, were demon-
strated in all patients with LQT1, including those with normal
QTc values or those taking B-blockers. Compared with the
earlier methods discussed previously, ICA tends to be influ-
enced more by the presence of noise, making it difficult to
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exclusively extract significant ICs. However, the wavelet
thresholding technique for noise reduction combined with the
sophisticated mathematical techniques for the best model
selection in ICA proved to be useful for the diagnosis of
LQTS. Although the complicated data analysis procedure
(including waveform approximation and the best model
selection in ICA) can be performed almost automatically (in
the order of the flow chart presented in online-only Data
Supplement Figure 1), it would be preferable in future studies
to see results from an analyst who is blinded with regard to
the LQTS or normal status of the study subjects and would
help to further validate the usefulness of the method.

It would be intriguing to see whether the number of ICs
reflects the severity of the disease; that is, those patients who
experience syncope or ventricular arrhythmias tend to have
=3 extra ICs. Although we examined only patients with
LQT1 in this study to simplify interpretation of the results of
the newly applied methods, further studies are needed to
explore this hypothesis in a large number of subjects, includ-
ing patients with other mutations of LQTS, especially LQT2
or LQT3.
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CLINICAL PERSPECTIVE

The main BECG criteria for the diagnosis of long-QT syndrome (LQTS) include abnormal T-wave morphology as well as
prolonged QT interval. We hypothesized that additional components related to the abnormally long myocardial
repolarization process are included in the T wave of LQTS and investigated whether independent component analysis
(ICA) can extract such abnormal repolarization components. Digital ECG data were obtained as time series in 22 patients
with genetically confirmed LQTS type 1 (LQT1) and 30 normal subjects. In each case, the T-wave area was analyzed by
radical ICA after noise reduction by the wavelet thresholding method. Furthermore, inverse ICA was applied to determine
the origin of each independent component (IC). ICA revealed that a T wave consisted of 4 basic ICs in control subjects,
whereas =5 (mostly 6) ICs were identified in all 22 patients with LQT1. The extra ICs, which were not evident in normal
subjects, were assumed to contribute to the formation of abnormal T-wave morphology. The extra ICs were identified even
in patients with normal QTc values and in those taking B-blockers. Inverse ICA indicated that the additional ICs originate
predominantly from the late phase of the T wave of the left ventricle. These results mean that ICA is a potentially useful
multivariate statistical method to differentiate patients with LQT1 from normal subjects. Further studies are needed to
validate the clinical usefulness of the method in a large number of subjects, including patients with other mutations of
LQTS, especially LQT2 and LQT3.
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Long-term efficacy of plasma exchange treatment for refractory
Kawasaki disease

Tatsunori Hokosaki, Masaaki Mori, Takashi Nishizawa, Tomoko Nakamura, Tomoyuki Imagawa, Mari Iwamoto and
Shumpei Yokota

Department of Pediatrics, Yokohama City University School of Medicine, Yokohama, Japan

Background: The treatment of Kawasaki disease patients who fail to respond to initial i.v. immunoglobulin (IVIG)
therapy is controversial. The aim of the present study was to investigate the long-term efficacy of plasma exchange (PE)
treatment for refractory Kawasaki disease.

Methods: A total of 125 Kawasaki disease patients refractory to IVIG were treated with PE. Coronary artery lesions
(CAL) before PE, in the acute period, and during the late period were examined retrospectively.

Results: Residual sequelae requiring medical treatment occurred in six cases in the late period. The outcomes of
treatment tended to be better when PE was begun in the early stage. Sequelae remained in 2.8% of patients in whom PE
was initiated prior to day 9 after onset, and were present in 15% of patients in whom PE was started on or after day 10.
The 105 patients whose coronary arteries were normal before PE had no sequelae (residual sequelae: 0%). Dilatation was
present before PE in 14 patients, but remained in only two patients in the late period (residual sequelae, 14.3%). In four
of the six patients in whom aneurysms had already formed before PE, the lesions had advanced into giant aneurysms,
but in the other two patients they returned to the normal range (residual sequelae, 66.6%).

Conclusions: The outcomes of PE for Kawasaki disease refractory to IVIG are favorable, and the effectiveness of this

Abstract

treatment is excellent, particularly if it is initiated before CAL arise.

Key words

Through the establishment of a high-dose i.v. immunoglobulin
(IVIG) protocol for Kawasaki disease, a high level of effective-
ness can be achieved,' but between 10 and 15% of patients still
fail to respond.’

Alternative treatments for patients refractory to IVIG have not
yet been developed, and the approaches being tested vary greatly
from institution to institution, Plasma exchange (PE) is a method
with promising efficacy, but the number of facilities that perform
it is limited, and few reports on outcomes have been published so
far.>* In particular, there are no large-scale studies on the effects
of PE on coronary artery lesions (CAL) in the late period.

In the present study, we investigated the long-term efficacy of
PE in IVIG-refractory Kawasaki disease patients.

Methods
Demographics

The subjects were 125 children with Kawasaki disease (onset:
between August 1994 and March 2007) who had been treated
with PE because IVIG had proven ineffective. Those patients in
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whom steroids other than IVIG had been given before PE had
been started were excluded from the study (two patients). One
patient who had been pre-treated with infliximab was also
excluded. One hundred and sixteen patients received their first
IVIG treatment in 19 affiliated hospitals located close to each
other. When a patient was judged to be refractory to IVIG, the
patient was referred to one of the two hospitals (Yokohama City
University Hospital and Yokohama City University Medical
Center) where PE could be performed. At the time the first IVIG
treatment was started, the remaining nine patients were hospital-
ized in one of these two hospitals.

On the basis of the patients’ treatment records, lesions in the
coronary arteries before PE, in the acute period (within | month
of onset), and in the late period (=1 year after onset) were studied
retrospectively. These lesions were defined as follows: dilatation,
coronary arteries 23 mm in internal diameter in children <5 years
of age (or 24 mm in diameter in children 25 years), or lesions
1.5-fold the diameter of the neighboring coronary artery; aneu-
rysm, lesions >4 mm in diameter; giant aneurysm, those >8 mm
in diameter. Assessment of all coronary artery branches in the
acute period was carried out by measuring diameter on echocar-
diography.® In the late period, in patients in whom echocardio-
graphy was performed approximately 1 year after onset and in
whom residual CAL were suspected, further coronary angiogra-
phy was conducted.
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Indications for plasma exchange

Initial IVIG treatment was deemed ineffective if it satisfied the
following conditions within 48 h of the end of treatment: (i)
appearance of a fever 238°C at least once within 1 day; and (ii)
failure to bring about improvement of at least one of three inflam-
mation markers (leukocyte count, neutrophil count, and
C-reactive protein level).’

A further dose of IVIG was given to patients in whom the
initial IVIG administration was ineffective. If that also brought
about no improvement, then PE was performed on the grounds
that the patient was refractory to IVIG. There were some patients
in whom abnormalities of the coronary arteries had already
developed after the initial IVIG. In these patients, PE was per-
formed promptly without a second dose of IVIG being given.

Plasma exchange method

Plasma exchange was generally conducted as a vein-to-vein pro-
cedure (although, until 2005, there was also an artery-to-vein
procedure option). A 6-7 Fr double-lumen dialysis catheter was
inserted into the femoral vein (or subclavian vein or internal/
external jugular vein). Replacement fluid contained 5% albumin,
but when anemia was present, or when younger patients were
treated (<3 months of age, or <5 kg in weight), red cell concen-
trates and mannitol adenine phosphate (RC-MAP) were used in
conjunction with treatment. The amount exchanged was approxi-
mately 1.0~1.5-fold the circulating blood plasma volume
(circulating blood plasma volume [ml] was 1/13 bodyweight X
[100 — hematocrit (%)]/100). Heparin was usually used as the
anticoagulant, and the activated clotting time (ACT) was adjusted
to remain between 180 and 250 s. While this was being done, the
necessary sedation was given, and the patient was carefully
secured to the bed to avoid movement. The standard duration for
this procedure was 1-3 days, but if no temperature reduction or
improvement in the inflammatory response was observed, the
time was extended to a maximum of 5 or 6 days.

Extracorporeal circulation can be reduced to 60-90 mL, and
this can be done as long as patient bodyweight is 25 kg. Finally,
with the consent of the ethics committees of both hospitals and
with the informed consent of the patients” families, PE was
performed. In addition, those children who were able to under-
stand were fully informed about the procedure.

Statistical analysis

All data are expressed as mean = SD. Analysis was performed
using Excel 2007s with the add-in software Statcel 2 (OMS,
Tokyo, Japan). Fisher’s exact probability test was used to analyze
differences, taking P < 0.05 as significant.

Results
Patient characteristics

The mean age at onset was 2.6 + 1.8 years (range, 2 months—
8 years), and mean weight was 12.5 + 3.5kg (range, 3.9-
22.5 kg). There were more boys than girls (76 boys, 49 girls), and
the disease had recurred in five children (first recurrence in four,
second recurrence in one). As an initial treatment to accompany
IVIG, acetylsalicylic acid or flurbiprofen was also given.

© 2011 The Authors
Pediatrics International © 2011 Japan Pediatric Society

Table 1 CAL versus treatment phase

Before plasma  Acute period  Late period
exchange n (%) n (%)
n (%)
CAL(-) 105 (80.4) 84 (67.2) 119 (95.2)
CAL(+) 20 (16.0) 41 (32.8) 6 (4.8)
Dilatation 14 30 0
Aneurysm 6 6 1
Giant aneurysm 0 5 5

CAL, coronary artery lesion.

Efficacy of PE

The initial doses of IVIG were given at an average of 4.3 *
1.5 days after onset. The mean amount of IVIG given prior to PE
was 2,79 + 1.3 g/kg. PE was started, on average, after 8.1 *
1.9 days. The average duration of PE treatment was 3.5 *
1.1 days. There were five patients in whom PE was started

without IVIG retreatment because of changes noted in the coro- / h

nary artery. Patients were initially treated with IVIG on days 4, 5,
7,8, and 13. All patients experienced symptomatic improvement,
laboratory data normalized following PE, and they needed no
further treatment.

The coronary arteries before starting PE were within normal
limits in 105 patients, but dilatation was seen in 14 and aneu-
rysms in six, making a total of 20 with CAL (16.0%). These
lesions numbered 41 (32.8%) in the acute period (enlarged
lesions including transient dilatation totaled 30, and there were
six aneurysms and five giant aneurysms). Even | year after onset,
coronary sequelae requiring systemic drug treatment were found
in six patients (4.8%; one aneurysm, five giant aneurysms;
Table 1).

The relationship between the timing of the first IVIG treat-
ment and CAL is shown in Figure 1(a). In patients with sequelae,
these sequelae arose on days 4-6 after onset, and were not the
result of a delay in IVIG.

Figure 1(b) shows the relationship between the day on which
PE was started and CAL. Of the 105 patients in whom PE was
started on or before day 9 after onset, sequelae remained in 2.8%,
and were present in 15% of the 20 patients in whom PE com- 4
menced from day 10 after onset or later. Although the outcome of
treatment tended to be better when PE was begun in the early
stage, this difference was not statistically significant (£ = 0.052).

Figure 1(c) shows the relationship between the duration of PE

treatment and CAL. Coronary prognosis was poor only in

patients treated with PE for 5 days, but treatment for 4 or 6 days
resulted in good coronary outcome.

The differences in the percentages of patients with coronary
sequelae, versus presence of CAL before PE, are shown in
Figure 2. Although lesions were seen in the acute period in 21 of
the 105 patients whose coronary arteries were normal before PE
(dilatation in 19, aneurysms in two), all of them returned to
within the normal range (i.e. 0% residual sequelae; Fig. 2a).
Among the 14 patients in whom dilatation was present before PE,
progression to aneurysm occurred in two patients and to a giant
aneurysm in one in the acute period, but in the late period,
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Fig. 1 (a) Timing of initial i.v. immunoglobulin (IVIG); (b) day on which plasma exchange (PE) was started; (c¢) duration of PE treatment,
versus development of coronary artery lesions (CAL). (8) CAL(+) remaining in late period; (@), CAL(+) only at acute period; ((J), CAL(-).

regression of the lesions took place in [l patients, including one
of the aneurysms (residual sequelae, 14.3%:; Fig. 2b). Four of the
six patients in whom aneurysms had formed before PE in the
acute period underwent progression to giant aneurysms, which
remained in the late period, but the lesions of the other two,
which did not progress beyond aneurysms, regressed (residual
sequelae, 66.6%; Fig. 2c).

Table 2 lists details of the six patients in whom sequelae
remained. All patients already had CAL before PE. Patient 2 was
found to have a right coronary artery occlusion on angiography
performed 8 years after onset. In patient 3, complete occlusion of
the left anterior descending coronary artery was discovered
4 years after onset. Both of these patients, however, were asymp-
tomatic because of collateral coronary artery enlargement. For
the four followed-up patients, at the time of writing, although
they are receiving medical treatment and their exercise is
restricted, their everyday lives appear relatively normal.

Complications of PE

Two cases of complications (one of hypotensive shock and one of
pneumothorax) were encountered. Hypotensive shock arose in a
4-year-old boy. Soon after PE was started in this patient, tachy-
cardia, hypotension, and respiratory impairment were noted, but
the patient improved under artificial respiratory management and
catecholamine, and underwent PE for a 5§ day period without any

further problems. The pneumothorax occurred in a 3-month-old
boy during catheterization of the internal jugular vein. It was seen
on chest radiography but there was no impairment in respiration,
and the patient’s condition was monitored. He recovered the next
day when the problem resolved.

Discussion

‘We previously reported the effectiveness of PE in patients refrac-
tory to IVIG.™® A comparison of the outcomes in the 46 children
given PE treatment with those of the 59 who did not receive it
indicated that PE significantly reduced the frequency of onset
of acute-phase coronary lesions by 17.4% versus 40.7%
(P =0.0012). In the present study, we increased the number of
patients, and followed the course of longer term coronary lesions
(i.e.>1 year). Although there were differences in the IVIG sched-
ules in early stage treatment; additional treatment; and the day
after onset on which PE was started, provided that PE could be
started before coronary artery expansion began, the outcomes
were surprising in that there were no sequelae (0/105). In those
patients in whom dilatation had already begun before the start of
PE treatment, the proportion of patients in whom sequelae
remained was 30% (6/20). This difference was statistically sig-
nificant (P = 0.001). In four of the five patients in whom sequelae
in the form of giant aneurysms remained, the process of devel-
opment of these aneurysms was clearly evident before PE (the
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Acute period
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Fig.2 Outcome versus presence of coronary artery lesions (CAL) before plasma exchange (PE): (a) 105 patients without CAL before PE;
(b) 14 patients with dilatation (Dil) before PE; (c) six patients with aneurysm (AN) before PE. GA, giant aneurysm.
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one remaining patient had only an enlarged lesion). It is therefore
proposed that even treatments supplementary to PE could not
have prevented these sequelae.

Treatments additional to PE were selected for patients unre-
sponsive to IVIG. The usefuiness of the steroids used in many
institutions, which are easy and cheap to use, is not yet clear.
There are many reports related to their benefits,™® but other
reports indicate that they are not effective in suppressing coro-
nary lesions.!"'¢ In addition, sufficient grounds for excluding the
risk of rupture of an arterial aneurysm are not yet available. In
particular, steroids are unlikely to be effective when the forma-
tion of an aneurysm has already commenced.

In the acute stage of Kawasaki disease, the levels of different
inflammatory cytokines, such as tumor necrosis factor (TNF)-o,
interleukin (IL)-1, IL-2, and IL-6, are high.'™® In particular,
TNF-o. has a harmful effect on blood vessels, and contributes
greatly to the formation of CAL in Kawasaki disease."”” PE
directly removes the inflammatory cytokines from the blood cir-
culation, but there is speculation about the mechanism involved :
in the resolution of the inflammation. -

More recently, the anti-TNF-a antibody infliximab has also
been used to treat Kawasaki disease,’ ™ but its validity remains
unclear.

Compared to infliximab or steroids, PE has some advantages.
PE can be performed despite concomitant infection. Infliximab is
contraindicated for patients with cardiac failure, but slow PE is a
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o Ja . . . .
g {,S) 2 = ies be considered and that PE be started as soon as possible in
= > & P p
) = o order to meet the goal of reducing residual sequelae.
& = g g q
2 5 In conclusion, the outcomes of PE for Kawasaki disease
5| _ & N refractory to IVIG are favorable, although not statistically sig-
ol BN % cww ool - nificant, and the present study was not a controlied clinical trial.
g1 e S~ ool § P Y
51 <3 2 If this therapy can be initiated before any CAL arise, good effec-
5 Z S . . .
3 S E tiveness can be expected. PE should be considered in refractory
; & Kawasaki disease patients for whom other options (steroids and
z| B 2 infliximab) have failed.
5| § S22 w22 g
g ° g Limitations
Q
~ ¢ The present study was not a controlled clinical trial, and we did
MR- - p Y
=1 8 S not compare additional therapies, for example, steroids and
R O P p p
=l — i o infliximab. There were some cases that did not fit our standard
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protocol for deciding when PE was started, because the patients’
initial treatment had taken place at other hospitals. The initial
IVIG doses and timings differed from those in other hospitals.
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Abstract A 6-year-old girl with type 3 long QT syn-
drome was safely and successfully implanted with an
implantable cardioverter-defibrillator (ICD) system. Prior
to implantation, she had experienced uncontrollable life-
threatening arrhythmia in spite of high-dose administration
of mexiletine. An ICD coil lead for transvenous use was
placed in the intrapericardial and retrocardial space and
was connected to a generator placed in front of the pos-
terior sheath of the right abdominal rectal muscle.
Administration of a beta-blocker in addition to atrial pacing
almost completely eliminated the patient’s life-threatening
arrhythmia attacks. Intrapericardial and retrocardial
implantation of ICD coil leads might be useful for children.
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Introduction

The frequency with which implantable cardioverter-defi-
brillators (ICDs) are used to prevent cardiac death due to
life-threatening arrhythmia has increased over the last few
years, even in pediatric patients. Patients with congenital
long QT syndrome (LQTS) who have episodes of torsades
de pointes (TdP) and ventricular fibrillation (Vf) despite
treatment with antiarrhythmic drugs are among the major
candidates for ICD implantation. Yet the use of the trans-
venous ICD lead system is limited in younger children
because of their small body size, potential for somatic
growth, and high risk of venous obstruction. Several ICD
lead implantation techniques have been adapted for pedi-
atric use, including the transvenous approach [5], the
intrapericardial approach [6], and the subcutaneous
approach [1, 3, 7]. The epicardial ICD patch placement
[11] was also reported. However, none of them have sat-
isfactory long-term results. Here, we present a case in
which a child suffering from type 3 long QT syndrome
(LQT3) with episodes of Vf in spite of high-dose admin-
istration of mexiletine was successfully implanted with an
ICD system.

Case Report

A 6-year-old Japanese girl with LQT3 was referred to our
institution for ICD implantation. When she was in utero,
ventricular tachycardia (VT) was documented by echo-
cardiography. After birth, an electrocardiogram (ECG)
(Fig. 1) showed a prolonged QT interval of 500 ms asso-
ciated with polymorphic premature ventricular contraction
(PVQ), VT, and TdP. A novel SCNSA missense mutation
(R1623Q) was discovered in the proband, although she had
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Fig. 1 ECG on the day of birth showed QT interval prolongation (HR = 125 bpm, QT = 0.38 s, QTc = 0.50 s {Fridericia’s formula)]. No
antiarrhythmic drug therapy had been administered prior to this recording

Fig. 2 Monitoring ECG
showed Vf with a duration of
about 1 min, associated with an
episode of syncope

no family history of arrhythmia syndromes. Her parents
had normal ECG results and did not undergo genetic test-
ing. Intravenous injection followed by continuous infusion
of mexiletine successfully abolished TdP. She was dis-
charged from the hospital on oral mexiletine intake. As she
had episodes of syncope and convulsion once a month after
discharge, she was diagnosed with epilepsy, based on
electroencephalogram recordings showing spikes com-
bined with of the absence of VT in her ECG recordings.
When she was 5 years old, a 24-h Holter ECG recording
showed episodes of TdP and Vf (Fig. 2). High-dose mex-
iletine therapy (20 mg/kg/day) was administrated, but fre-
quent episodes of self-limited Vf were subsequently
documented in ECG. An ICD implantation was indicated
and she was referred to our hospital.

On admission, the patient was 118 cm in height and had
a body weight of 21.6 kg; physical examination revealed
no abnormal findings. ECG showed a bifid T-wave in leads

@_ Springer

V3, V4, V5, and V6. QT interval was normal according to
Fridericia’s formula (QTc¢ = 0.42 s) due to the adminis-
tration of high doses of mexiletine. An exercise ECG
showed shortening of the QT interval (QT = 0.26 s,
QTc = 0.35 5) associated with RR interval shortening. A
24-h Holter monitoring ECG revealed three episodes of
ventricular tachycardia [maximum heart rate (HR) =
179 bpm] and bradycardia (minimum HR = 58 bpm)
during sleep.

An ICD system was implanted under general anesthesia.
With the patient in a supine position, a partial median
sternotomy was made. An ICD coil lead (SPRINT
QUATTRO SECURE $®, Medtronic Inc., Minneapolis,
MN, USA) was placed according to the following method
(Fig. 3). After the pericardial space was opened, dissection
was performed between the right pulmonary artery and the
right upper pulmonary vein to allow access to the retro-
cardial space. The tip of the ICD coil lead was fixed by
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Fig. 3 Our intrapericardial and
retrocardial ICD implantation
technique. a After dissection
between the right pulmonary
artery and the right upper
pulmonary vein, the tip of the
ICD coil lead was fixed by
being screwed to the
pericardium behind the right
upper pulmonary vein. b, ¢ The
other tip of the ICD coil lead
was passed behind the heart,
guided by a Nelaton catheter.

d Atrial epicardial leads were
fixed at the right atrium. The
ventricular epicardial leads were
placed at both ventricles to
allow biventricular pacing

being screwed to the pericardium behind the right upper
pulmonary vein. The ICD coil lead was passed behind the
heart, and the middle part of the lead was fixed to the front
part of the diaphragm to prevent dislocation of the lead.
This fixation was kept quite loose, however, allowing the
lead’s position to adapt to the patient’s somatic growth. An
ICD generator (VITALITY®; Guidant Inc., Indianapolis,
IN, USA) was implanted in a pocket created in front of the
posterior sheath of the right abdominal rectal muscle. Atrial
and ventricular epicardial leads (Episure®, Medtronic Inc.)
were placed at the right atrium and at both ventricles and
then connected to the generator (Fig. 4). The defibrillation
threshold (DFT) was 5 J in the operation room and was kept
at this value for 10 days after ICD implantation. To prevent
bradycardia-induced TdP, the dual chamber pacing, dual
chamber sensing and inhibited response (DDI) mode was
chosen, with a basic rate of 75 bpm and an AV delay of
200 ms. Ventricular tachyarrhythmia detection was set to
occur at 220 bpm for VT and 250 bpm for Vf.

Ventricular tachycardia was further controlled by pac-
ing, and total ventricular arrhythmia episodes decreased
from 139 to 0 episodes per day in 24-h Holter recordings.
There were no perioperative complications, and the patient
was discharged from our institution 21 days after ICD
implantation.

After discharge, the patient experienced episodes of
arrhythmia, which were corrected by appropriate discharge
of the ICD, once a month. Intracardiac ECG recordings
made by the generator over the course of 1 month revealed
three to five episodes of short-run polymorphic VT and one
episode of VT that lasted longer than 20 s. The addition of
a beta-blocker (initially 1 mg/kg/day propranolol, then
switched to 5 mg/kg/day acebutolol to prevent bronchial
asthma attacks) fully suppressed ventricular arrhythmias.
In the end, combination therapy consisting of atrial
overpacing and oral intake of mexiletine and acebutolol has
effectively suppressed the incidence of TdP. ICD discharge
has accordingly been abolished.
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Fig. 4 a Anteroposterior and

b lateral chest X-ray film after
the ICD implantation procedure.
The ICD coil lead is located
behind the heart

Discussion

Implantable cardioverter-defibrillator implantation can
save patients who have life-threatening arrhythmia from
cardiac death. Because there have been so few cases of
ICD implantation in children, however, ICD therapy has
not been standardized and remains a medically challenging
mode of treatment. Children’s somatic growth potential
and the fact that they will require device therapy
throughout their lives may increase their risk of device-
related complications.

Our case fulfilled the indication criteria for ICD
implantation, because the patient had the SCN5A gene
mutation, had experienced episodes of VT/Vf, and had
been unsuccessfully treated with antiarrhythmic therapy
[4].

Techniques for ICD lead implantation have previously
been reported: the transvenous approach [5], the intraper-
icardial approach [6], and the subcutaneous approach [1, 3,
7]. In the adult patient, the ICD coil lead is usually
implanted through the transvenous approach, as it is less
invasive and requires a lower DFT. In children, however,
the transvenous approach is frequently associated with
device-related complications such as venous occlusion,
tricuspid regurgitation, and lead fracture [5, 6, 10].

Epicardial ICD patch placement is associated with a risk
of constrictive pericarditis, which can result in cardiac
dysfunction due to loss of ventricular compliance [6, 11].

In the subcutaneous coil lead approach [3, 7], the lead
tip is placed through a subcutaneous tunnel, sometimes in
the chest wall. This method is less likely to impair cardiac
function, but it is associated with some complications such
as lead fracture, dislocation of coil lead, and high DFT [7].
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Placing the coil lead by the intrapericardial approach [6]
offers the advantage of reducing the DFT because the coil
lead is located close to the heart. The risks of lead fracture
and dislocation are considered to be lower with this
method than with the others. Although the intrapericardial
approach may be associated with a risk of adhesive peri-
carditis, Hsia et al. [6] have reported the successful
placement of ICD coils in seven children with no inap-
propriate discharges, no perioperative complications, and
no increases in DFT. In adapting their technique, we did
not use fluoroscopic guidance through a small pericardial
window, as they did; rather, we performed a partial ster-
notomy with a small incision, which allowed us to view the
placement procedure directly, in order to avoid damaging
the organs behind the heart such as the esophagus and to
ensure that we placed the ventricular lead on both ventri-
cles to avoid univentricular pacing.

In LQTS patients, preventing V£, TdP, and prolongation
of the QT interval during the placement procedure is very
important to reduce the risk of perioperative complications
[2]. For this reason, we selected anesthetic medications that
do not prolong the QT interval, such as fentanyl, rocuro-
nium, and propofol.

Proper placement of the ICD is essential not only to
ensure that the ICD will function properly and thereby save
the patient’s life but also to avoid mental strain due to
inappropriate discharge occurring while the patient is
conscious. In our case, because short self-limited episodes
of Vf (5-10s) had been frequently observed in ECG
monitoring and the patient was conscious for up to 15 s
after the onset of Vf, the VT detection time was set at 25 s.

In patients with bradycardia-induced VT/Vf such as
LQT3 and LQT2, ICD implantation will be useful not only
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for correcting VT/Vf through discharges but also for pre-
venting bradycardia-induced arrhythmia through overdrive
pacing. In a similar case, PVC and VT have been decreased
with DDI pacing [9]. High-dose mexiletine and pacing
decreased VT/Vf episodes but could not abolish syncope
completely. In another malignant LQT3 case (R1623Q)
[8], the combined use of a beta-blocker and mexiletine was
effective at controlling TdP.

Conclusion

The patient was indicated for ICD implantation due to
LQT3 with uncontrollable VI/Vf. ICD implantation was
successfully performed using a unique intrapericardial and
retrocardial placement of ICD coil system. There were no
perioperative complications and no inappropriate ICD
discharges. Intrapericardial and retrocardial placement of
the ICD coil lead is a useful method for young children.
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