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High Speed and High Accuracy Detection Algorithm of Life-threatening
Arrhythmias for Implantable Cardioverter-Defibrillator

Makoto ABEe,” Telma Keiko Sucar,”™ Makoto Yosuizawa,™ ’\Iorwasu Homma,™
Norihiro Sucrta,” Kazuo Samvizu,” Moe Goto,” Masashi Inacaxs, !
Masaru Sucimachr,'™ Kenji Sunacawa® T

Abstract The implantable cardioverter-defibrillator (ICD) is an effective therapeutic device for rescuing
patients with cardiac diseases from death caused by life-threatening arrhythmias. The authors previously have
proposed a detection algorithm of life-threatening arrhythmia with a multiple regression model. In this research,
we have developed the algorithm so as to accurately classify cardiac rhythms and to reduce in the computational
time with a microcontroller used in the ICD. The experimental results showed that the proposed method kept a
high accuracy to detect cardiac rhythms. In addition, the validation of implementation of the proposed algorithm
in the microcontroller indicated that the result of detection of cardiac rhythms could be attained within
computational time of 60 ms. For the practical application, it is necessary to evaluate the power consumption of
the ICD working with the proposed method.

Keywords : arrhythmia, implantable cérdioverter-deﬁbrillator, intracardiac electrocardiogram, multiple regres-
sion model.
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varying the algorithm of calculating indices.
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Fig. 4 Classification of cardiac rhythms, which shows
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varying the algorithm of calculating indices
and applying time series analysis.
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PREFACE

It is my great pleasure to publish this bound compilation of the achievements of
our Tohoku University Global Centre of Excellence (GCOE) Programme from
2007 to 2011 titled “Global Nano-Biomedical Engineering Education and
Research Network Centre”. The programme was promoted by the Ministry of
Education, Culture, Sports, Science, and Technology of Japan and succeeded the
21st Century COE Programme. We at Tohoku University were awarded
consecutive 21st Century COE and GCOE programmes in biomedical
engineering, and ours was the only programme in this field to be awarded both.
Moreover, during the current GCOE programme, the Graduate School of
Biomedical Engineering was inaugurated at Tohoku University based on these
activities in 2009. The Graduate School of Biomedical Engineering is the first
and only purpose-built independent graduate school for biomedical engineering
in Japan. This book comprises the final reports of the GCOE programme,
including contributions from faculty, post-doctoral fellows, and students.

When we started the GCOE programme in 2007, we declared that nanoscale
biomedical engineering is undoubtedly the most rapidly growing field of
engineering and will become the most important one because ‘of the incredibly
rapid developments in science and technology in this area, especially the
biological sciences. With the accelerating growth of biological engineering
studies, we believe that we have played a pivotal role with our cross-disciplinary
studies involving engineering and biology. It would be our great pleasure if
those who read this book can benefit from our multi- and inter-disciplinary
studies.

Both Tohoku University and the city of Sendai were gravely damaged by
the East Japan Earthquake of 11 March 2011. The engineering school campus,
which is located atop hills west of the city, was partially destroyed. The
Electronics and Communications, Material Sciences, and Civil Engineering
Departments were seriously damaged, disrupting the biomedical engineering
education and research activities conduced in those departments as part of our
GCOE programme for several months. Nevertheless, we are delighted to
announce that activities returned to almost normal by the end of the 2011
academic year, and we ultimately produced more excellent graduates that year.

When we were affected by the disaster, many friends and colleagues
worldwide expressed their sympathy and took action to help us. We are
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The implantable cardioverter-defibrillator is an effective therapeutic device for saving
patients with cardiac diseases from death caused by hfe~th:eatemng arrhythmias such as
ventricular tachycardia and ventricular fibrillation. It is lmportant to prevent the
recurrence and treat these arrhyth early and to 1 ish b a
normal sinus rhythm, ventricular tachycardia, ventricular fibrillation, and supraventricular
tachycardia. Therefore, in this study, we have proposed a mumple regression model based
on mfoxmatmn extracted from simul di in order to
identify ep of sup: iculs hycardi icul t 8, and ventricular
ﬁbnllauon From the experimental results, we conﬁrmed that hfe—threatenmg arrhy!hmlas

can be detected on the basis of indices obtained from
electrocardiograms.
Keywords: impl it d defibrillator, arthythmia, multiple regr model

1. Introduction

The number of victims of sudden cardiac death is estimated to be ~70,000 per
year in Japan and it is increasing continuously. A sudden cardiac death is

“ Makoto Abe was a Tohoku University Global COE Research Assistant (2007-2008),
t Makoto Yoshizawa is a Tohoku University Global COE Member.
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directly caused by life-threatening cardiac arrhythmia such as ventricular
tachycardia (VT) and ventricular fibrillation (VF). The survival rates for these
arthythmias decrease by 7-10% per minute; therefore, it is important to treat
these arrhythmias early [1]. The implantable cardioverter-defibrillator (ICD) is
an effective therapeutic device for saving patients with cardiac diseases from
death caused by life-threatening arrhythmia. However, the traditional algorithms
used in ICD for detecting VF and VT are based almost only on the information
for the cardiac period [2], thus making it difficult to accurately distinguish
between a normal sinus thythm, VT, VF, and supraventricular tachycardia
(SVT).

Furthermore, the incidence of inappropriate ICD treatment has not reduced.
A recent study found inappropriate VT detection in 14% of patients treated for
secondary sudden cardiac death prevention and in 30% of patients treated for
primary prevention [3]. Another study reported positive detection of VTs using
modern, optimized ICD detection algorithms in only 60-70% of patients with
spontaneous tachycardias [4]. These detection errors are related to different
causes; for example, ventricular oversensing causes inappropriate therapy in up
to 25% of patients [3].

In order to treat VF or VT accurately, it is necessary to improve the
classification algorithms that can distinguish shockable cardiac rhythms from
nonshockable cardiac rhythms. In addition, these algorithms should detect
arrhythmias as fast as possible. .

In this study, we have proposed a method based on information extracted
from intracardiac electrocardiograms (IECGs) to identify episodes of SVT, VT,
and VF. IECGs were measured from the left ventricle (JECGLy), right ventricle
(IECGgy), and right atrium (JECGga). The arrhythmias were classified by
inputting 14 input indices obtained from these IECGs to a multiple regression
model. Tt was possible to identify life-threatening arrhythmias within a short
time with a relatively high accuracy. The proposed method was validated by
performing an animal experiment.

2. Methods

2.1. Data Description and Preprocessing

In this study, experimental data were obtained from five dogs (in vivo) in an
acute experiment. IECGs were measured using leads from the left and right
ventricles and the right atrium. These data were sampled at 200 Hz or 1 kHz and
then resampled at 250 Hz. In addition, owing to the difficulty in measuring

- 177 -

579

spontaneous arrhythmia, SVT, VT, and VF were simulated as follows. SVT was
simulated by right atrial pacing. VT was simulated by right or left ventricular
pacing, and VF was induced by applying electrical stimuli afier the R-wave of
the surface electrocardiogram. The data also included one spontaneous VF
episode.

First, a bandpass filter (0.8-40 Hz) was applied to the IECG signals in order
to remove the noise component. After filtering, the data were analyzed using a
moving data window with a length of 1.0 s and shift of 0.2 s, as shown in Fig. 1.

window width 1 s (250 samples)
si\i& width 0.2 s (80 samples)

1 R
Eimsinian per
namaszcmnsmnREnwETEEaae

Time {s}
Figure 1. Data acquisition using 1-s-long window with 0.2-s shift

2.2. Classification

First, k is defined as the discrete time, which is increased by shifting window in

every 0.2 s. Our multiple regression method is described as follows.

1. Letxy(k), xo(k), ..., xa(k) be m feature variables extracted from IECGs signal
at theTIcﬂx window. Define a feature vector x(k) as x(k) = [x,(k), x2(k),
xR

2. Cardiac rhythms, SR, SVT, VT, and VF, are numbered from i =1 to i = 4,
The result of detection is described as follows:

1 (if the sample belongs to the rhythm i)
0 (otherwise) ’

vy

)’,(k)={ )]

Define the result of a detection vector y(k) as y(k) = [y1(K), ¥:(k), ..., y(OT".
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3. Assume that the feature vector x(k) is given as explanatory variable and y(k)
given as objective variable, a multiple regression model is described as
follows:

y(k) = Ax(k) + e(k), @

where 4 x m matrix A is a regression coefficients matrix and 4 x 1 vector
.e(k) is a disturbance term.

In this study, m was set to 14 and the number of windows K was set to 400
experimentally. The matrix 4 was calculated by the least-squares method using
Equation (2). A model for each thythm according to Equation (1) was estimated
by the training dataset. The same training dataset was used for the identification
of the four models of rhythms.

2.3. Indices Based on IECGs

2.3.1. Histogram distribution

In order to evaluate the index of independence between the atrial ECG and the
ventricular ECG, the simultaneous frequency distribution between pairs of
IECGs is expressed by five times five bins, and the Pearson’s ¥ statistic was
calculated from the distribution [5]. In addition, the dispersion of the histogram
was calculated as the standard deviation (6) of the counts in each bin of the
histogram.

In this study, y* statistic and o were calculated from between J/ECG,y and
IECGyy and from between JECGRr4 and JECGry, which gave us the four indices
extracted from the histograms.

23.2. Cardiac periods

The periods (R-R intervals) were the only indices extracted from single IECGs.
In general, the cardiac period is obtained from the R-R interval using an R-wave
detection method. In this study, a method with an auto-correlation function was
proposed to detect the R-wave even though IECGs included much noise. The
period was approximated to the time of the first peak of the auto-correlation
function of each IECG in the moving 1s- window.

The cardiac periods Periodyy, Periodpy, and Periodys were obtained from
IECG\v, IECGR,, and IECGyy, respectively. In addition, we calculated the ratio
between Period,y and Periodgy and between Periody, and Periodyy.

- 178 =
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2.3.3. Relative delays

The relative delay was calculated from the cross-cormrelation function between
two IECG signals. The relative delay from JECGga to IECGry and that from
IECGga to IECGry were calculated.

The relative delays and the relative periods of IECGs reflect the
atrioventricular conduction. If two IECGs synchronize, the delay is almost
constant. While, if two IECGs are in condition of asynchronous, the delay is
inconstant. The o y of the R-P interval is known to be a reliable
diagnostic criterion for VT.

2.3.4. Complex plain based on simultaneous distribution of IECGs

Finally, the main angle of the distribution of two IECGs and the length of the
depolarization were considered.

In order to facilitate the calculations, a complex number Z was defined as
follows:

Z = JECGyy, +i-IECGy,, 3)

where i is the imaginary unit. The first and third quartile points of the angle of Z

were used to represent the angle of the distribution. The main angle was bigger

in VT events (~80°) than in SVTs (~50°).

The length of the depolarization was approximated to the count of point of
|Z|>0.05~ max IZI (©)]
s window'

In VF, the length was almost 250 (window length) because depolarization was

produced during most of the cardiac cycle. On the other hand, the length was

smaller in SR, when the R-R intervals are bigger, and intermediate in the

tachycardia.

2.3.5. Validation

In order to assess the validity of the proposed method, # (from 100 to 600 every
100) windows were randomly selected for the training set and the remaining
5221 windows were used in the test set. In addition, the validation process was
repeated 100 times so as to evaluate the robustness of the method.

All the indices were normalized in the training process. The same
normalization coefficients were used to normalize the test set.

For the evaluation of the classifier, the area under the receiver operating
characteristic (ROCA), the sensitivity, and the specificity were used. The closer
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the ROCA value of the classifier is to 1, the more effective it is. The receiver
operating characteristic (ROC) represents the sensitivity versus (1 - specificity)
for a binary classifier system with a varying discrimination threshold.
Sensitivity and specificity are defined in Egs. (5) and (6), respectively.

Sensitivily = I )
TP+ FN
N
Specificity = ———. ©
e = TP

where TP is the number of true positives, FN is the number of false negatives,
TN is the number of true negatives, and FP is the number of false positives.

3. Resuits

In this study, even though the classification was performed with four models,
one for each rhythm, the sensitivity and specificity were calculated by
considering the SVT and SR as the same class, because in both cases, the ICD
was not activated.

Figures 2-4 show examples of measured signals and the corresponding
output of the classifier obtained using the method described in section 2.2,
before and at the beginning of different arrhythmias.

The validation results of classification by the linear regression method are
listed in Table 1. Figure 5 shows the ROCAs of binary classification for each of
the four models.

SVT

SR 5 ,
T N
o 5 10

ECG

o 5 10
Time {5}

Figure 2. Example of surface ECG (lop), IECGs (middle), and corresponding classifier output
{bottom) at beginning of SVT episode.

- 179 -

SR , vT
T
o e dlodode ““’(‘PW{W\WWWY
O
ul
25 30 35
gLl L L LT
g g % fi‘l ] f i §§?§§§‘_fwf—:m?’ifm\§
25 30 35
VE
VT
svT /
SR
25 30 35

Time [s}

Figure 3. Example of surface ECG (top), 1ECGs (middle), and corresponding classifier output
{bottom) at beginning of VT episode.

| SR stimui | VF '
L) T 1

ECG

IECGs

VF

SVT
SR

Time {s]

Figure 4. Example of surface ECG (top), IECGs (middle), and corresponding classifier cutput
(bottom) at beginning of VF episode.

Table 1, Validation results for specificity and sensitivity of detection
of cach rhythm

Specificity - Sensitivity
&8 (%)
SR or SVT 98.3 96.8
T 99.0 737
VF 974 974
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08

0.2

SR or SVT VT VF
Figure 5. ROCA of model of cach rhythm obtained from randomly selected training sets (the bars
represent the mean value and the error bars represent the standard variation of ROCA).

4. Discussion

The results show that the proposed method could classify the cardiac rhythms
SR, SVT, VT, and VF with high accuracy. In particular, Fig. 5 shows that the
ROCH using the evaluated model was >0.94.

The usc of the ;* statistics and & was cvaluated in a previous phase of this
study [5]. These two indices enable early detection of arrhythmias; however, the
accuracy of detection using only these indices is lower than that of other
conventional methods, which motivated us to use additional indices for
detection. Another limitation of the previous study was that only the ventricular
IECGs were used, and therefore, it was difficult to distinguish between SVT and
VT. Using the same dataset as in the present study, the classification proposed
in the previous study resulted in the sensitivity and the specificity of,
respectively, 82.7% and 80.3% for SVT or SR, 66.5% and 85.1% for VT, and
79.9% and 99.4% for VF. Most of the misclassification was SVT being
classified as VT. Thus, it should be noted that this would lead to unnecessary
activation of the ICD. On the other hand, in the present study, sensitivity of the
detection of life-threatening arrhythmias was >73.7% and specificity was
>96.8%. The low sensitivity in the detection of VTs is mostly due to the
misclassification of VTs as SR or SVT.

The delay in the detection was ~1.2 s for SVTs, 1.6 s for VTs, and 1 s for
VFs. Because VFs were preceded by an electrical stimulus, the delay in
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detection could be evaluated in only one episode. These results indicate that life-
threatening arrhythmias could be detected early by using the classification based
on the proposed method. This carly detection is mainly attributed to the short
length of the window (Is length) used to extract the selected indices.

The validation using the training set, which was randomly selected, does
not guarantee a uniform distribution of each rhythm in the training set,
especially of rhythms with few available data (e.g., VT). This fact explains the
high standard deviation in the ROC4s of the model of some rhythms.
Furthermore, the distribution of each rhythm is not uniform in the validation set.

The main limitation of this study is that these results were obtained from a
limited dataset. The algorithm should be evaluated using more data obtained
under different conditions. Moreover, it is important to consider the
computational and memory cost that each additional index presents.

5. Conclusion

We proposed a new algorithm for the detection of arrhythmias using ICDs. Each
cardiac rhythm was classified by a multiple regression model using the indices
obtained from IECG signals as inputs. The following indices were used:
statistics and standard deviation ¢ extracted from 2D histograms, period of cach
IECG and their relative ratio, delay between pairs of IECGs, main angle of
distribution of two IECGs, and length of depolarization.

In the proposed method, four groups of cardiac rhythms were considered:
SR, SVT, VT, and VF. The relative delay in the detection of life-threatening
arrhythmias considerably affects the efficiency of the treatment. In this study,
changes in the rhythms could be detected rapidly using short windows while
maintaining the good performance of the classifier. The proposed method
showed a sensitivity of at least 76.0% and specificity of at least 96.8% for a
dataset including the data for five subjects. Thus, information from pairs of
simultancous electrocardiograms enables fast and accurate detection of
arrhythmias.
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SILICA COATING OF FLUORESCENT NANOPARTICLES
PROLONGS ENHANCEMENT OF SENTINEL LYMPH NODES
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Sentinel lymph node biopsy (SLNB) was developed as a new modality in the surgical
diagnosis of lymph node Dyes and radioisotopes are the major tracers for the
detection of sentinel lymph nodes (SLN). However, dyes tend to infiltrate excessively
into the interstitium due to their small molecular size (less than several nanometers),
resulting in difficulties in maintaining a clear surgical field, whereas radioisotopes are
available only in a limited number of hospitals. Fl icles are suitable
candidates as SLN tracers in solving these problems, because we can choose a suitable
particle size and near-infrared fluorescence wavelengths. However, the use of
nanoparticles involves safety issues and many attempts have been made to produce
insulating coats to obviate these issues. In addition, the preparation of a uniform
insulating layer is important to decrease quality variations in an SLN tracer. We
ded in coating fl polystyrene particles of 40-nm size with a uniform
silica layer of 13-nm thickness by the modified Stdber method. The popliteal lymph node
could be visualized using silica-coated nnnopam::les mjccted into the rat foot. The
applmuun of silica-coated fl was di d for SLN
in an animal model. Together, the ch:mxcal optical, and in vivo data presented in this
study demonstrate the potential role of silica-coated fluorescent nanoparticles for imaging
in medical treatments.

Key words: sentinel lymph node, silica-coated, fluorescent nanoparticle, imaging.
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