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using the BLAT search program. This showed that
99.1% of the ESTs (287 849 reads) mapped to the
human genome (Table 4). This mapping result was fil-
tered further using the UCSC Genome Browser and a
psiCDnaFilter. Finally, 93.2% (270 673 reads) of the
marmoset ESTs were assigned specifically and exactly
to the human genome.

The nucleotide sequence identity between aligned
sequences was calculated after each EST had been
mapped to the genome (Supplementary Fig. S2). The
majority of ESTs shared 90-96% identity with the
human genome. The relatively low identity between
the ESTs and human sequences was analogous to the
identity between the EST and Refseq shown in
Table 3. It should be noted that the degree of
mapping to the human genome did not differ signifi-
cantly among the five cDNA libraries (data not shown).

3.3.1. ESTs that were mapped to exonic regions of
the human genome The CAP3 method
identified 17 232 contigs (Table 1). The contig
sequences represented those that were read multiple
times in the overlapping regions and they were con-
sidered more reliable than single-read singletons.
These 17232 contigs were mapped onto the
human genome according to the filtering method
shown in Table 4. Furthermore, information from
human Refsegs was used to determine whether the
mapped contigs corresponded to exonic sequences
of the human gene. This approach identified 15 089
contigs (88% of 17 232) that mapped onto the
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human genome and that corresponded to human
Refsegs. These 15089 contigs, which consisted of
218 857 ESTs, were considered to be representative
of the genes that are commonly transcribed in mar-
mosets and humans.

Of these 15 089 contigs, ESTs that were present in
only one type of cDNA library were identified. Of
these tissue-specific contigs, those with the highest
numbers of constitutive ESTs are shown in Table 5.
The contigs with >1000 ESTs were ALB, HPR, ORM2,
and ORM1 from MLI, and PRM1 from MTE. Most of
the genes listed in Table 5 are known to be character-
istic of each specific cell type/tissue.

3.3.2. ES cell-specific transcripts Supplementary
Table S2 shows previously reported cDNA/EST
studies of primates other than the marmoset.?%~24
These species include Pan troglodytes, Macaca fascicu-
laris, and Chlorocebus sabaeus, while the tissues
included the brain, skin, liver, B lymphocytes, bone
marrow, pancreas, spleen, thymus, and peripheral
blood mononuclear cells. As the current study is the
first example of the use of monkey-derived ES cells
in EST studies, the ES-specific transcripts are men-
tioned briefly (see Supplementary Table S3 where
the contigs containing >5 ESTs are listed).

The most notable were LIN28A, NANOG, and SOX2
because, together with OCT4, they are known to re-
program human somatic cells to induced pluripotent
stem cells.?® LIN28A and NANOG contribute to the
maintenance of pluripotency in stem cells.26728

Table 4. Mapping of ESTs on the human genome

Libraries Number of marmoset ~ Number of ESTs mapped on the human genome  Number of ESTs mapped on the human genome
ESTs (raw data) (filtered)
MES 71009 70375 66 894 (94.2%)
MLI 56232 55602 52405 (93.2%)
MSC 29258 28931 27 253 (93.1%)
MSP 61831 61300 58170 (94.1%)
MTE 72096 71641 65951 (91.5%)
All 290426 287 849 (99.1%) 270673 (93.2%)

Marmoset ESTs (290 426) were mapped on the human genome (hg19) by using a BLAT search program (—stepSize = 5,
—minScore = 50, —minldentity = 80, —repMatch = 2253). This initial mapping gave a number of 287 849 (99.1%) ESTs.
These ESTs were then filtered, following a UCSC Genome Browser and using a pslCDnaFilter (—minld = 0.85, ~minCover =
0.75, —globalNearBest = 0.0025, —minQSize = 20, —minNonRepSize = 16, —ignoreNs, —bestOveralp). Basis for adopting
this filtering condition was as follows. A use of the condition such as (—minid = 0.95, —minCover = 0.25) selected only
159 309 ESTs (54.9%), indicating —minld = 0.95 to be extremely strict in the exactness. Therefore, we lowered the
—minld to 0.85 (and —minCover=0.25) and found the reasonably selected numbers of exact ESTs. Thus, under this
—minid of 0.85, we then tried to improve the specificity by increasing —minCover to 0.75 (since 0.90 appeared too
strict, 0.90 was not used). This —minCover number of 0.75 is roughly equal to the expected coverage of coding sequence
[the average length of EST was 619 nt, and the average length of 5’UTR of human transcripts is 170 nt, therefore, an
expected coverage between coding sequences and ESTs would be (619-170)/619 = 0.73]. Eventually, a condition of
—minld = 0.85, —minCover = 0.75 filtered 270 673 ESTs (93.2%) as exact and specific.
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Table 5. Top five genes expressed abundantly in each cDNA library

Libraries Gene Descriptions Number
symbols of ESTs
MES PYY Peptide YY 123
MES LIN28A Lin-28 homologue A 50
MES Céorf221 Chromosome 6 open 46
reading frame 221
MES NANOG Nanog homeobox 45
MES ERVMER34-1 Endogenous retrovirus 28
group MER34, member 1
MLi ALB Albumin 4492
ML HPR Haptoglobin-related 1537
protein
MLI ORM2 Orosomucoid 2 1227
MLI ORM1 Orosomucoid 1 1221
MLI APOA2 Apolipoprotein A-il 673
MSC SNAP25 Synaptosomal-associated 109
protein, 25 kDa
MSC PLP1 Proteolipid protein 1 58
MSC CALCA Calcitonin-related 51
polypeptide alpha
MSC STMN2 Stathmin-like 2 30
MsC THY1 Thy-1 cell surface antigen 28
Msp M54A1 Membrane-spanning 4~ 62
domains, subfamily A,
member 1
MSP ITGB2 Integrin, beta 2 29
MSP HLA-DPA1 Major histocompatibility 26
complex, class If, DP alpha
1
msp CLEC4F C-type lectin domain 20
family 4, member F
MSP CD53 CD53 molecute 18
MTE PRM1 Protamine 1 1,198
MTE TNP1 Transition protein 1 161
MTE HMGB4 High mobility group box 4 139
MTE PHF7 PHD finger protein 7 138
MTE DKKL1 Dickkopf-like 1 107

Shown are the contigs that were detected only in one out of
five cDNA libraries and possessed larger numbers of consti-
tuting ESTs.

Cé6orf221 (also known as ECATT, ES cell-associated
transcript 1) and DPPA5 belong to the same gene
family, and they are expressed specifically in human
ES cells.?®*° The frequent appearance of the claudin
family (see CLDN6, CLDN9, CLDN7, and CLDN4)
was also noted, although its biological significance is
not known.

3.3.3. ESTs that were mapped onto the human
genome outside exonic regions We noted

that there was another category of contigs that was
mapped onto the human genome, but not located
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in exonic regions (i.e. contigs that shared no hom-
ology with human Refseqgs). These comprised 808
contigs (4.7% of 17 232) with 5578 ESTs. These
808 contigs represented transcribed genes in the
marmoset. Although they were conserved in the
human genome, they did not appear to be tran-
scribed as genes; hence, they were not characterized
as human genes.

Next, the number of marmoset cDNA libraries, in
which each contig was expressed, was determined.
The number of contigs with ESTs detected in libraries
1 (i.e. only MES), 2 (i.e. MES and MTE), 3, 4, and 5 (all
of MES, MLI, MSC, MSP, and MTE) were 562, 195, 28,
7, and 6, respectively (808 in total). Of the 562
contigs, 29 were found in MES, 31 in MLI, 28 in
MSC, 87 in MSP, and 387 in MTE (562 in total). It
appeared that the genes expressed in the marmoset
testes (387/562 = 69%) had an increased likelihood
of not being expressed in humans compared with the
genes expressed in other tissues (31%/4 = 7.8%).

Supplementary Table S4 shows the 20 contigs
whose constituting ESTs' numbers were the largest
among the 808 contigs. Interestingly, the five
contigs that had the highest numbers of ESTs (ID:
198, 15591, 1258, 1567, and 3721) also had ESTs
in all five libraries. In the previous paragraph, it was
noted that six contigs were expressed in all five librar-
ies. It was found that five out of these six contigs were
widely expressed at a high level in the marmoset. This
suggests that actively expressed genes in the marmo-
set may even be non-transcribed as genes in
humans. Many of the remaining genes in
Supplementary Table S4 were expressed in a combin-
ation of tissues e.g. MLI and MSP, or MLI and MSC, or
only in MTE.

3.3.4. Characterization of 808 contigs in non-coding
RNA or silent regions of the human genome The 808
contigs described above were mapped onto the
human genome, but did not have any corresponding
human Refsegs. The human genome browser at
UCSC also supports mapping of RNA-seq and large
intergenic non-coding RNAs (linc RNA).?"? The loca-
tions of these RNA-seq/linc RNAs were checked in re-
lation to the marmoset ESTs mapped onto the human
genome. The tissues that are used in common in
RNA-seq/linc RNA studies®'*? and the current study
are the liver, brain, and testis; hence, 138 contigs
expressed in MLI, 125 in MSC, and 516 in MTE
(total 779) were used for the analyses
(Supplementary Table S5). This showed that 500
contigs (64% of 779) matched RNA-segs, while 98
contigs had corresponding sequences in RNA-seq
and linc RNA. However, 259 contigs (33% of 779)
did not have any counterparts in RNA-seq or linc
RNA, suggesting that they were not expressed as RNA.
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In summary, of the 808 contigs that did not have a
corresponding human Refseq, two-thirds were prob-
ably expressed as non-coding RNA, whereas the
other third appeared to be silent. This potentially sug-
gests that these 808 may have lost their characteris-
tics as genes during human evolution.

3.3.5. ldentification of so far unknown genes based on
probable full-length ¢cDNA sequences The degree of
conservation and/or divergence in marmoset and
human genes was analysed using the following ap-
proach as well. Supplementary Fig. S3A shows a
flow chart of the method used for selecting
‘unknown genes’ First, getorf in EMBOSS was
applied to extract 60568 unigenes (see Table 1
where 60568 represents the sum of contigs and
singlets). Thus, sequences were selected that
contain an open-reading frame spanning an initiat-
ing methionine through to a stop codon, with a
poly(A) tail at the 3’ end. The G-cap was preserved
in most ESTs, so the selected sequences probably
represented ‘full-length’ cDNAs. This approach
selected 3151 unigenes.

Each unigene was mapped onto the human
genome. In total, 2595 sequences were mapped
onto the human genome. Of the 556 marmoset
sequences that could not be mapped onto the
human genome, 127 were annotated and identified
using the Refseq information of all living species,
while 311 (306 +5) shared homology with
sequences registered in EST/nr sequence databases.
The remaining 118 unigenes could not be annotated,
suggesting that they represent potentially unknown
genes.

Notably, only 1 sequence was derived from MLI and
MSC, 3 from MSP, 14 from MES, while 104 from MTE.
This might indicate comparatively abundant expres-
sion of unknown genes in the marmoset testis.
The length of the polypeptides encoded by the
‘unknown genes' ranged from 11 to 131 amino
acids, with an average of 47 (Supplementary Fig
S4). It should be noted that no known domains/
motifs were detected in these ‘unknown’ amino acid
sequences using the INTERPRO program.

3.3.6. Further characterization of the 118 ‘unknown
genes’ It is possible that the 118 genes with ORFs
might not encode polypeptides but may represent
non-coding RNAs. In fact, five shared homology (1e-

5) with non-coding RNAs in a comprehensive data-
~ base (http://www.ncrna.org/frnadb/) and a marmo-
set-derived non-coding RNA database (ftp://ftp.
ensembl.org/pub/release 70/fasta/callithrix_jacchus/
ncrna/). Furthermore, 66 out of 118 genes could be
aligned with the human genome if a 75% sequence
similarity was employed, and each of these
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alignments covered more than half of each sequence.
Therefore, a significant portion of the 118 genes had
features of both polypeptide-coding genes and non-
coding RNAs. Supplementary Fig. S3B and its legend
provide further details on the unbiased approach
used to identify unknown genes.

3.4. Availability of the resources

A Web server of marmoset cDNAs has been con-
structed (http://marmoset.nig.acjp/indexhtml), in
which each marmoset EST sequence is mapped onto
the human genome. Information accessible via the
human genome browser can be obtained on this
server, including the Ensembl gene annotation,
Refsegs, and RNA-seg/linc RNA. This Web server can
be used as a search engine, so the marmoset EST
sequences can be BLASTed and the results displayed.
The cDNAs libraries and/or the clones are available
upon request from the DNA Bank, RIKEN BioResource
Center (RDB no. 6388-6392). These deposited
resources are expected to be valuable for future
studies that use the common marmoset as an experi-
mental animal model.
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Automated Estimation of Fetal Cardiac Timing
Events from Doppler Ultrasound Signal Using
Hybrid models

Faezeh Marzbanrad, Student Member, IEEE, Yoshitaka Kimura, Kiyoe Funamoto, Rika Sugibayashi, Miyuki
Endo, Takuya Ito, Marimuthu Palaniswami, Fellow, IEEE, and Ahsan H Khandoker*, Senior Member, IEEE

Abstract—In this paper a new noninvasive method is proposed
for automated estimation of fetal cardiac intervals from Doppler
Ultrasound (DUS) signal. This method is based on a novel com-
bination of Empirical Mode Decomposition (EMD) and hybrid
support vector machines - Hidden Markov Models (SYM/HMM).
EMD was used for feature extraction by decomposing the DUS
signal into different components (IMFs), one of which is linked
to the cardiac valve motions, i.e. opening (o) and closing (¢)
of the Aortic (A) and Mitral (M) valves . The non-invasive
fetal electrocardiogram (fECG) was used as a reference for
the segmentation of the IMF into cardiac cycles. The hybrid
SVM/HMM was then applied to identify the cardiac events,
based on the amplitude and timing of the IMF peaks as well
as the sequence of the events. The estimated timings were
verified using pulsed doppler images. Results show that this
automated method can continuously evaluate beat-to-beat valve
motion timings and identify more than 91% of total events which
is higher than previous methods. Moreover the changes of the
cardiac intervals were analysed for three fetal age groups: 16-
29, 30-35 and 36-41 weeks. The time intervals from Q-wave of
fECG to Ac (Systolic Time Interval, STI), Ac to Mo (Isovolumic
Relaxation Time, IRT), Q-wave fo Ao (Pre-ejection Period, PEP)
and Ao to Ac (Ventricular Ejection Time, VET) were found
to change significantly (p < 0.05) across these age groups. In
particular, STI, IRT and PEP of the fetuses with 36-41 week
were significantly (p < 0.05) different from other age groups.
These findings can be used as sensitive markers for evaluating
the fetal cardiac performance.

Index Terms—Doppler Ultrasound, Fetal cardiac intervals, Fe-
tal monitoring, Empirical Mede Decompesition (EMD), Support
Vector Machine (SYM), Hidden Markov Models (HMM), Hybrid
SYM/HMM.

I. INTRODUCTION

ACH year 1 out of 125 babies is born with Congenital
Heart Disease (CHD) [1]. Prenatal CHD has even around
10-fold higher incidence, since a majority of these defects end
in intrauterine death [2]. Even with the improved treatment
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Fig. 1. An illustrative example of fetal cardiac intervals: Systolic time
interval (STI), Electromechanical Delay Time (EDT), Isovolumic Contraction
Time(ICT), Preejection Period (PEP), Ventricular Ejection Time (VET),
Isovolumic Relaxation Time (IRT), Ventricular Filling Time (VFT).

options that are now available, every fifth child with CHD
dies during the first year of life. The mortality rale correlates
closely with the severity of the heart defect and its early
clinical manifestations. By diagnosing these conditions pre-
natally, it may be possible to reduce perinatal morbidity and
mortality [3]. Furthermore, it provides tremendous medical,
psychological, and economical benefits [4].

Various antenatal fetal assessment techniques have been ad-
vocated to evaluate antepartum fetal risks. Fetal circulation
is one of the main concerns in fetal assessment which has
a crucial importance, especially the evaluation of the heart
action may give more useful information about the fetus in
the antenatal period [5]. Fetal Heart Rate (FHR) monitoring
is commonly used for this purpose and usually performed
by using Cardiotocography (CTG) which is a combination of
Doppler Ultrasound (DUS) and measured uterine activity.
However, FHR monitoring is not enough for a thorough
assessment of the fetal state. There are more sensitive markers
for assessing the cardiac performance which are illustrated in
figure 1. By these markers the clectromechanical coupling of
the heart is evaluated, which is a fundamental and clinically
significant part of the heart physiology [6], [7]. The opening
and closure timings of the cardiac valves are the main bases for
estimating these electromechanical indices [8]. Among these
markers the Systolic Time Intervals (STI) have received con-
siderable attention as indicators of myocardial function. From
a clinical standpoint, Pre-Ejection Period (PEP), Isovolumetric
Contraction Time (ICT) and left Ventricular Ejection Time
(VET)are the most useful of STIs [8]. For example, PEP
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is reported as a sensitive indicator of the function state of
the fetal myocardium and it becomes prolonged early in the
development of hypoxemia and acidosis [8]. Another study
suggested to use ICT as a reliable index which can be substi-
tuted for fetal cardiac contractility [9]. Other cardiac intervals
are also valuable for clinical applications [8], [10]. Several
methods have been proposed for obtaining these intervals.
Fetal echocardiography is a technique which can visualize
different parts of the heart structure as well as the blood flow
through the valves. However it is an expensive method and
only particular maternal and fetal conditions indicate the need
for it. Furthermore, in most cases, primary care physicians or
obstetricians cannot appropriately analyze the heart views and
only qualified individuals can perform this highly specialized
examination [11]. Due to these problems simpler and more
accurate alternative methods have been investigated.

Starting in 1980s, a number of non-invasive methods have been
proposed which mainly aimed to analyze the systolic time
intervals by using the abdominal ECG and the DUS signal
[12]-[15]. Band pass filter was used in these methods for
filtering the DUS signal, after which the cardiac events were
identified manually. The major problem with these methods is
the highly variability of the DUS signal over time as well as
the poor quality of the abdominal ECG.

In 2001, Koga et. al. used the digital narrow band-pass filter
to divide the DUS signal into different frequency shift ranges.
The mitral and aortic valve motions were then identified from
the peaks in one of the filtered signals [15].

With the improved signal processing techniques and more
powerful processors over the last decade, the information con-
tent of the DUS signal has been acquired more easily. In 2001,
Shakespeare et. al. proposed a method in which the DUS signal
was analyzed by the Short Time Fourier Transform (STFT)
[16]. They have shown that the high frequency component of
the DUS signal is linked to the valve movements, while the
low frequency one is associated with the cardiac wall motion.
They also demonstrated the variability of the content of the
DUS data on a beat-to-beat basis.

A common issue which is noticed in all of these studies is the
transient nature of the DUS signal as well as the wide changes
in the signal content and spectral characteristics. Therefore
another method was recently proposed which applied the
multi-resolution wavelet analysis to the DUS signal [17].
Wavelet analysis is a powerful method for decomposing non-
stationary signals with variable spectral characteristic over
time. Using wavelet analysis, the DUS signal is decomposed
into different scales with resolution levels. As shown in [17],
valve movements were visualized as peaks in the detailed
signal at level 2 wavelet decomposition. Each peak was then
manually assigned to be linked to the opening and closure of
the cardiac valves. Since the abdominal ECG is noisy and it
is difficult to observe the fetal R-wave, the extracted fECG
was used, which was separated from the abdominal ECG
mixture using blind source separation with reference [18].
Furthermore the correlation of the cardiac cycle length (R-R
interval) with the interval of the R wave to each valve motion
was investigated which has potential clinical applications. This
correlation was found to be more significant for the abnormal

cases and it was introduced as a criterion for diagnosing
fetal heart abnormalities. Automatic identification of these
abnormalities was investigated in their next studies [19], [20].
Based on the current methods, fetal cardiac valve movements
can be recognized manually from a high frequency component
of the DUS signal. However, DUS is usually corrupted by
noise and interferences and it is also sensitive to the position
of the fetus and the transducer. Therefore current methods
which are based on manual recognition may not be practical
and reliable. Thus an automated approach is proposed in this
paper, to identify the occurrence of the cardiac events based
on the pattern, timings and sequence of the valve and wall
movements in the DUS signal components.

In this paper, instead of STFT or the wavelet analysis, it is pro-
posed to use Empirical Mode Decomposition (EMD) because
it is a data-driven algorithm which is used for decomposing
nonlinear and non-stationary time series [21]. Tt has been used
extensively in many different applications, such as: speech
processing, image processing and biomedical signal processing
[22]-[26]. EMD has been also used for better estimation of
the fetal heart rate, using Ultrasound Doppler signal [27], [28].
Three approaches are introduced to be combined with EMD
for automated identification: Hidden Markov Model (HMM),
Support Vector Machine (SVM) and hybrid SVM/HMM.
The hybrid method has been originally proposed for speech
processing applications [29], [30] and to our best knowledge,
it has never been used in this application. Farthermore the
changes of the cardiac intervals from the 16th to 41th week
of gestation were evaluated in this paper.

II. METHODS
A. Subjects

Simultaneous recordings of the abdominal ECG signals
and Doppler ultrasound signals from 45 pregnant women at
the gestational age of 16 to 41 weeks with normal single
pregnancies were collected from Tohoku University Hospital
in Japan. A total of 45 recordings (each of 1 minute length)
were sampled at 1 kHz with 16-bit resolution. All 45 subjects
were divided into three age groups for analysis: 16-29 weeks,
30-35 weeks and 36-41 weeks, including 15, 12 and 18 fetuses,
respectively. The study protocol was approved by Tohoku
University Institutional Review Board and written informed
consent was obtained from all subjects. The continuous DUS
data were obtained using Ultrasonic Transducer 5700 (fetal
monitor 116, Corometrics Medical Systems Inc.) with 1.15
MHz signals. To compare the actual appearance of the aortic
valve’s opening and closing pattern with valve timing events
appeared in DUS signals, pulsed-wave Doppler signals were
obtained from convex 3.5 Hz of HITACHI ultrasound scanner
(Ultrasonic diagnostic instrument Model EUB-525; HITACHI
health medical corporation). The detailed procedure for ex-
perimental set up and transabdominal ECG data collection
was described in our previous study [18]. FECG signals were
extracted from the composite abdominal signal using a method
that combines cancelation of the mother’s ECG signal and
the blind source separation with the reference signal (BSSR)
as described in our earlier study [18] and summarized as
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follows.The electrical activities of the heart form a vector in
the direction of excitation which is called the heart vector
[31]. The cancelation of the maternal ECG component was
performed by subtracting the linear combination of mutually
orthogonal projections of the heart vector. After removing
maternal ECG, BSSR, which is a kind of neural network
methods, extracted fetal ECG signals from complex mixed
signals using DUS signal as the reference [18].

B. Ewmpirical Mode Decomposition (EMD)

One of the main methods used in this paper is Empirical
Mode Decomposition (EMD) which was first introduced by
Huang et al. [21]. It is a single channel method for decom-
posing a complicated signal into a set of different oscillatory
modes. These components are called Intringic-Mode functions
(IMF) and are zero mean, orthogonal and spectrally indepen-
dent. The IMFs do not necessarily have constant frequency or
amplitude.

EMD is an empirical procedure which is defined only by an
algorithm and basically does not focus on any analytical for-
mulation for theoretical analysis. It has been used extensively
in image, speech and audio processing applications as well as
biomedical signal processing [22]-[26] where its effectiveness
is shown.

In brief, the EMD adaptively decomposes a signal into the
IMFs through a specific algorithm which is called Vsifting
procedure”. Therefore for each mode, the highest frequency
component is locally extracted out of the input signal.

The sifting process is based on two constraints:

1. The number of zero crossing and extrema in the whole data
must be the same or at most differ by one.

2. At each point, the mean value of the upper and lower
envelopes which are constructed based on the local maxima
and minima i$ zero.

The sifting algorithm begins with identifying local maxima
and minima of the signal to be decomposed. Then the local
maxima and minima are interpolated to find the upper and
lower envelopes respectively. Then the mean of these two
envelopes is subtracted from the signal. The process is re-
peated for the residue until it meets a stoppage criteria which
limits the size of the standard deviation computed for two
consecutive residues. The first IMF is then obtained from
the residue of the final subtraction. The whole procedure is
performed on the residue of this IMF to find the second IMF,
This process continues to obtain all IMFs and the final residue
has zero or one extrema. More details can be found in [21].
EMD can be used for analyzing nonlinear and non-stationary
signals. It is a data driven algorithm which is able to decom-
pose the signal in a natural approach and doesn’t need any
prior information about the component of interest. Therefore
in this paper it is proposed to apply EMD to the DUS signal
to decompose it to the IMFs which naturally have different
frequency bands. An example of Applying EMD to the DUS
data is shown in Figure 2. As discussed in the next sections,
the peaks of the envelope of the first IMF provide the features
for identification of the cardiac events.
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Fig. 2. The decomposition of the DUS signal using EMD

C. Identification of Cardiac events

After applying EMD to the DUS data, according to the
findings in the previous research, the component with the
higher frequency band (higher than 100 Hz) i.e. the first IMF,
is linked to the valve motions [16]. On the other hand the
low frequency components generally correspond to the wall
motions.

More precisely, the absolute value of the first IMF has a
sequence of peaks which is associated with opening and
closure of the atrioventricular and semilunar valves. For a
better assessment, the envelope of that IMF was obtained using
low-pass filter. The intervals of the cardiac cycles were also
found using R-R intervals of the fECG. Then the filtered IMF
was normalized over each cardiac cycle and its peaks were
detected.

In previous studies, the cardiac events were manually assigned
to the peaks and the intervals were calculated. In this paper
we aim to identify them automatically. To this end, each peak
should be classified as an indicator of one of the cardiac valve
timing events or none of them.

The first approach is based on Hidden Markov Model (HMM).
It can find the events based on the probabilistic model of
their occurrence sequence and timings. However it was also
noticed that the amplitude as well as the timing of the peaks
can also be used to classify them. Therefore in the next
approach, Support Vector Machine (SVM) was used as a
powerful classifier to identify the events. Because the temporal
dependency of the occurrence of events is not considered in
SVM, some extra peaks might be classified as the same event
in some cardiac cycles, or a wrong order of events might
be noticed. Thus as the last approach Hybrid HMM-SVM is
proposed to be used in order to overcome the defects of SVM
and HMM. The time segment of each cardiac cycle was set
by using fECG as a reference.

1) Hidden Markov Model (HMM): HMM was developed
in the 1960s [32] and has been widely used in many signal
processing applications. In contrast to the Markov Model, in
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HMM the observed symbols are emitted from some hidden
states. The formal definition of HMM is [33]:

A= (4,B,7) )

A is a transition matrix, B is the emission matrix and =
is the initial probability. Given a sequence of observations,
the HMM process is aimed to find the sequence of the
hidden states that the model went through, based on the
transition probability that each state follows another one and
the emission probability of the observations from each state.
More details can be found in [33]. If there is an available set
of examples from a process, the model can be estimated by
either supervised or unsupervised training. In this study the
supervised approach was used because both input and output
of the process were available as a limited training set, for
which we had prior information. In our experiments Hidden
Markov Models from statistics toolbox of MATLAB was used.
In the first approach, HMM was applied to the filtered version
of the first IMF for recognizing valve movements. The sample
procedure for detecting a cardiac event is shown in figure 3.
First the peaks of the first IMF were identified based on the
positive first derivative and negative second derivative criteria.
In order to find the timing of the peaks of the IMF envelope
in each cardiac cycle, the whole sequence had to be split
into different segments using the R-R intervals of the fECG.
The time difference from the beginning of the segment to the
occurrence of each peak in that segment was then calculated,
assigned to each peak and denoted by ¢;. This data set made
our observation set. The hidden states S = (sy, 82,.... SN)
were set as the opening (o) and closure (c) of the Mitral (M)
and Aortic (A) valves: Mo, Mc, Ao, Ac and four transitional
states: T1, T2, T3, T4, which may occur between each pair of
valve motion states.

A training set for which we had prior information about
the timings of cardiac events was then used for the HMM
training process. First, HMM was trained based on the prior
information about the training set (if each peak represented
one of the valve motion or transitional events) to provide
an estimation of the transition and emission matrices. Each
element ij of the transition matrix was estimated as the
number of times the event s; followed s; in the training set,
divided by the total number of s; in that set. Each element
b; (k) of the emission matrix was estimated by the number of

IDENTIFICATION OF THE EVENTS BY SVM

Segrnertation based on FECG

Fig. 4. SVM approach block diagram

times an observation (peak timing) was linked with the state s;
in the training set, divided by the total number of s;. Since the
training set may not be rich enough to estimate the emission
probability for every time bin, the estimated emission matrix
may contain many zeros and isolated spikes. Therefore the
estimated emission matrix was filtered by a low pass filter
and then normalized. This filtered matrix and the transition
matrix were then used for HMM, to decode the new data.
After decoding, a matrix containing the probability of the
occurrence of each event was obtained for each peak. Then
the event with the highest estimated probability of occurrence
among all events was assigned to each peak.

2) Support Vector Machine (SVM): In this approach, SVM
was used to classify the peaks of the IMF envelope as a
sign of each event (or no event). SVMs developed by Vapnik
[34] are a powerful technique for classification. Two class
SVM is designed to find a separating hyperplane with the
maximum margin with the classes. In the case of nonlinear
classification, the data is first transformed by a Kernel function
into the higher dimensional space in which it becomes linearly
separable. SVM is based on the “structural risk minimization”
criteria in order to attain low probability of generalization error
[35]. More details on SVM can be found in [36].

To construct SVMs, a kernel function K (x;,x) must be first
selected. The choice of the kernel may affect the performance
of SVM. The Radial Basis Function (RBF) is one of the
kernels which is used in many applications. It is defined as
follows: i B
Xi — X5
202 ) @
where o is the width of the RBF function. In this study, the
RBF kernel was used and ¢ was experimentally chosen to be
1.
SVMs are usually formulated for binary (two-class)problems.
However they may be extended to multiclass problems. In
this study the one-against-all approach was used for multiclass
SVM [36]. The classes were the the same as the states in HMM
approach.
SVM was used as the second approach for classifying the
peaks corresponding to one of the valve motion or other
transitional events. For example, the procedure for recognizing
an event from the first IMF is shown in figure 4. In order
to obtain the features, first EMD was applied to the DUS

K(x;,%5) = exp(—
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data, the envelope of the IMF was taken and all peaks were
determined based on the positive first derivative and negative
second derivative criteria. Then, the signal was broken into
the segments using R-R intervals of FECG as the reference.
The time interval from the beginning of each segment to
the occurring time of each peak in that segment and the
amplitude of the peak were acquired as the features in a
matrix Y. SVM uses a training set with the prior knowledge
which assumes the events associated with the peaks. The SVM
structure was developed based on the training set. The new
data were classified by SVM to find the event represented by
each peak, based on the amplitude and timing of the peaks.
The Support Vector Machine functions from Bioinformatics
toolbox of MATLAB were used for this study.

3) Hybrid SVM/HMM: The Hybrid SVM/HMM method
has been developed for the speech recognition [29], [30]. In
this paper we propose to use it for recognizing the cardiac
events. It is a combination of HMM and SVM. In order to
combine SVM and HMM, a probabilistic output of SVM must
be obtained, because HMM is based on probability models.
Platt’s SVM method [37] can provide such an output. In this
method the distance of each sample from the separating hyper-
plane is transformed to the posterior probability of classifying
the sample. The posterior probability output of the SVM,
P(classlinput), is obtained by calculating: Py = +1|f(z)),
where:

1
flz) = ZaiyiK(m,:ﬂi) +b 3)

de=l

and parametric Sigmoid is fitted to the output of the SVM
classifier:

1
1+ exp(Af(x)+ B)

Ply =+11f(z)) = @

The parameters A and B are determined by minimizing the
negative log likelihood of the training data which has the form
of a cross-entropy error function. In the hybrid SVM/HMM
process the transition matrix and the initial probability is first
determined based on the HMM training process. The SVM
is also trained using the training set. The SVM classification
process is then performed on the new data and the emission
probability distribution is obtained by using the output of the
platt’s SVM through the Bayes’ rule. Therefore the HMM
model is constructed. Based on this model, the most probable
hidden states are recognized through the decoding process.

For example the procedure of identifying the events from
first IMF is shown in figure 5. First the data were broken into
segments. Here again, the fECG was used as a reference for
segmentation. Then the time and the amplitude of the peaks
were taken into the matrix Y. A training set for which we
had prior information was used for SVM and HMM training.
The new data were then classified by the hybrid SVM/HMM
method to obtain the probability of the occurrence of the events
for each peak. Then one of the valve motion or transitional
events for which the estimated occurrence probability was
higher than other events was assigned to each peak.

Hybrid SV

$os pass Fiier and
Feak detectioin .

Fig. 5. Hybrid SVM-HMM approach block diagram

TABLE I
MEAN £ STANDARD ERROR OF THE AVERAGE TIME INTERVALS (MSEC)
OVER 45 NORMAL FETUSES AND THE ACCURACY OF IDENTIFIED EVENTS.

intervals Mean:t rate rate
Standard Error | (new method) | (previous study [17])
R-R 413.6 £ 26.0 100.0% 100.0%
R-Mc 143423 91.1% 84.0%
R-Ao 511+ 3.4 95.3% 87.0%
R-Ac 204.6 £ 5.5 98.8% 97.6%
R-Mo 276.4 £ 5.4 94.5% 89.7%
Ao-Ac 153.5+£6.3 94.6% 87%

II1. RESULTS

In order to evaluate the results, the timings of opening and
closure of the valves were verified by the Pulsed-wave Doppler
images. It visualizes the direction and the characteristics of
the blood flow through the valves. In this technique, the aortic
blood flow Doppler waveform is recorded from the long axis
of the five-chamber view of the heart. The M-mode cursor is
placed perpendicular to the inter-ventricular septum at the level
of the mitral valve to examine end-systole and end-diastole
(closure of atrioventricular valves).

In this paper the total number of 45 different data sets of
DUS and corresponding fECG were used for testing the
algorithm and obtaining the timings. In order to train the
hybrid SVM/HMM classifier, the timings of the events for
30 cardiac cycles from three different normal fetuses were
determined manually based on expertise. The algorithm was
then applied to new data sets from different fetuses to find
the timings during 40 cardiac cycles for each data set.Figure 6
shows an example of the high frequency IMF and the identified
events, the fECG and the Pulsed Doppler image of the mitral
valve movement for three cardiac cycles from one of the test
sets. Figure 7 shows the result of using another data set with
the fECG and the Pulsed Doppler image of the aortic valve
movement. Figure 8 shows estimated timings of the valve
movements from one of the test data sets. Only few event
timings were missed using this method. Table I shows the
percentage of the estimated events using all data sets from
45 fetuses and the mean and standard error of the average
estimated time intervals over all fetuses.

The identification of the events by using the SVM,
HMM and the hybrid SVM/HMM method were compared in
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Fig. 6. (a) Shows the first IMF of the Doppler ultrasound signal decomposed
by EMD. (b) Shows the envelope of the normalized IMF and the identified
timings. (¢) Shows an example of the simultancous fetal electrocardiogram
signals extracted from abdominal ECG signals using BSSR. (d) Shows the

example of Pulsed wave Doppler signals of fetal mitral valve movements -

annotated to show how the specific signals are linked with opening and closing
events. Mo and Mc represent the opening and closing of mitral valve.
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Fig. 7. (a) Shows the first IMF of the Doppler ultrasound signal decomposed
by EMD. (b) Shows the envelope of the normalized IMF and the identified
timings. (¢) Shows an example of the simultancous fetal electrocardiogram
signals extracted from abdominal ECG signals using BSSR. (d) Shows the
example of Pulsedwave Doppler signals of fetal Aortic valve movements
annotated to show how the specific signals are linked with opening and closing
events. Ao and Ac represent the opening and closing of aortic valve.

Figure 9. By comparing the results with the Pulsed Doppler
image, it is shown that the hybrid method performs better than
our previous study [17].
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Comparison of the identification of the valve movements by using

TABLE IT
RESULTS OF KRUSKAL-WALLIS TEST (P-VALUES) AND PAIRWISE
COMPARISON WITH MANN-WHITNEY-WILCOXON METHOD FOR CHANGES
OF THE ESTIMATED INTERVALS VERSUS DIFFERENT AGE GROUPS. THE
MEAN £ STANDARD ERROR (SE) (MSEC) OF THE TIMINGS FOR
DIFFERENT AGE GROUPS ARE SHOWN. SIGNIFICANT DIFFERENCES
BETWEEN PAIRS OF AGE GROUPS: 16-29 v§ 30-35, 16-29 v§ 36-41 AND
30-35 v§ 36-41 ARE MARKED BY {A), (B) AND (C), RESPECTIVELY.

Interval|] p-value Mean::SE Mean:t:SE Mean:4:SE
age group | age group | age group
16-29 30-35 36-41

EDT 0.0967 253448 24.245.5 26.4+4.0

1ICT 0.0558 36.442.6 35.64:2.7 37.7£3.4

IRT 0.0218 73.0x£4.6 69.7+4.5 72,2149
(4) (4.0 ()

PEP 0.0026 61.7£4.8 59.9+5.2 64.0+4.0
(4) (4.C) ()

STI 1x107% | 2139452 214.0%7.1 218.247.1
(2) ) (B.C)

VET 0.0333 152.2:£3.7 154.2:4:6.9 154.2:47.7
(A, B) (A) (B)

The estimated intervals were also analyzed by Kruskal-Wallis
test to investigate their changes during pregnancy. Data from
all 45 fetuses were divided into three different age groups: 16-
29, 30-35 and 36-41 weeks, including 15, 12 and 18 fetuses,
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TABLE Iit
RESULTS OF MULTIPLE COMPARISON BY MANN-WHITNEY-WILCOXON
METHOD (P-VALUES).

intervals 16-29 vs 30-35 | 16-29 vs 36-41 | 30-35 vs 36-41
IRT 0.0032 0.1973 0.0222
PEP 0.0095 0.0966 0.0004
STI 0.4588 0.0000 0.0000
VET 0.0192 0.0091 0.4808

* ean PEP for each patient
e i line )
e e 95 conbidenve imits {pewd
e £38 finsee { Mensale-Broven 2 al., 2010}
e e 85% confidence limits
{Mensoh-Brown et 2l, 2010]
5 F 25 E) 36 4 2%

wask

Fig. 10. Changes of the mean and 95% confidence interval of PEP compared
to the results of the previous study [38].

respectively. Table II and IIT show the results of Kruskal-Wallis
test (p-values), mean and standard error of the timings for each
age group as well as their pair-wise comparison with Mann-
‘Whitney-Wilcoxon method.

Figure 10 shows the result of comparison of the changes in
PEP with the findings of an earlier study [38].

IV. DISCUSSION

In previous studies, intervals of cardiac events have been
estimated from DUS signal by using digital filtering, STFT
or wavelet [8], [16], [17], [20], [39]. The DUS signal is
nonlinear and nonstationary and wide changes in the signal
content and spectral characteristics are noticed on a beat-to-
beat basis. The transient nature of the DUS signal and its
variability is also shown in previous papers [16]. Therefore
it is not convincing to use fixed parameters such as cut off
frequency for filtering methods or wavelet parameters for the
whole signal and different subjects. Thus EMD which is a
data driven method is more suitable for this application. EMD
has been extensively used for decomposing nonlinear and non-
stationary signals, including the DUS signal but for estimating
the fetal heart rate [27], [28] and it has not been used for this
specific application before. The results show that by applying
EMD the component which is linked to valve movements is
practically separated and its peaks which correspond to the
events can be discriminated.

All previous studies were based on manual identification of
the cardiac event timings, However it is sometimes difficult
to recognize the peaks manually, especially for nonexperts.
Moreover the appearance of particular types of events in DUS
signal strongly depends on the location of the ultrasound
transducer and the fetus. Some peaks which are linked to the
cardiac events may not be visible in some situations or some
extra peaks may appear which may be confusing for manual
recognition. It also takes time to carefully investigate the DUS
signal component in order to recognize the events. There are

some visual errors as well as inter- and intra- observer errors
when events are recognized based on human observation.
Therefore in this paper an automated method is proposed to
recognize the events. For this purpose the hybrid SVM/HMM
method is proposed to be used, which has been previously
employed only in speech processing applications. Furthermore,
to our best knowledge, the combination of EMD and the hybrid
SVM/HMM has never been used before. The hybrid method
classifies the peaks of the decomposed component of the DUS
signal to be linked to each cardiac event, based on the pattern
of the peaks, the timings and the sequence of the events. The
better training of the classifier with the DUS signals with
different patterns, the more powerful automated recognition of
the cardiac events. As shown in table I, by using this method, a
higher percentage of the valve movement events was identified,
compared to the previous manual method. The results were
also compared with the Pulsed Doppler images which verified
the successful identification of the events.

The estimation of the timing of cardiac events would have
been very difficult without using FECG as a reference for
segmentation. In this study the position of the R-waves was
used for segmentation of the signal into different cardiac
cycles.

Results of this method provide the continuous and beat-to-
beat identification of cardiac intervals, which can be used for
clinical purposes.

The relationship between the cardiac intervals and the gesta-
tional age was also investigated in this study. According to
the Kruskal-Wallis test and pairwise comparison with Mann-
Whitney-Wilcoxon, STI was found to be the most changeable
with the age. On the other hand ICT was more stable during
pregnancy as also reported by Koga [15]. According to a
recent study by Mensah-Brown et al,, PEP increases with
the gestational age (r= 0.57 , p < 0.0001) [38]. In this
study based on the pairwise comparison, it is found that
PEP slightly decreases (p < 0.0095) from the age group of
16-29 to 30-35, and then significantly increases to the age
of 36-41 (p = 0.0004, table III). As shown in figure 10
the estimated timings are mostly in the same range of 95%
confidence interval of the previous study [38], especially after
30 weeks. The results of pairwise comparison indicate that
except for EDT and ICT, all intervals of the age group 36-
41 are significantly different from previous ages. For example
STT does not change significantly from the age of 16-29 to 30-
35 (p = 0.4588), but after that sharply increases toward the
final weeks of pregnancy (p < 0.0001). The trend of changes
in PEP is also different in the final stage. Therefore the final
weeks of pregnancy are the most critical.

IRT intervals were found to be longer in this study than the
timings reported in [40]. The reason may be that the age of the
fetuses analyzed in [40] was from 6 to 10 weeks of gestation,
but the average age of the fetuses we analysed was 31 weeks.
The cardiac function changes with the development of the
fetal heart. A part of the difference may be related to this
developmental change.

A limitation of this study is that the quantitative comparison
with the pulsed wave Doppler image based valve motion
timings were not provided. More accurate methods such as
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trans-vaginal pulsed Doppler imaging can be used in the first
trimester foetuses [40]. However our system is compatible with
this wide-continuous monitoring of fetal heart during second to
third trimesters. More accurate quantitative comparison of the
results of the proposed method with pulsed Doppler images
requires image processing and recognition process which is
beyond the scope of this study. The quantitative comparison
can be done in future studies.

V. CONCLUSION

DUS signal is nonlinear, non stationary, noisy and it is vari-

able on a beat to beat basis. Therefore using a combination of
EMD as a data driven method for decomposing nonlinear and
nonstationary signal and hybrid SVM/HMM for automated
identification of the events improves the estimation of cardiac
intervals. Results show that 94.5% of mitral opening, 91.1%
of mitral closing, 95.3% of aortic valve opening and 98.8% of
aortic valve closing were identified by this method, which were
higher than the manual approaches. The identified timings
were verified by pulsed doppler images.
Furthermore the trend of changes of the cardiac intervals for
growing gestational age groups was analysed. Results show
that STI, IRT, VET and PEP change significantly from early
to late gestational fetuses. In particular the intervals which
correspond to the last weeks before delivery are significantly
different from their values during the earlier weeks.
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Complete remission of seizures after corpus callosotomy
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Departments of 'Neurosurgery, *Pediatrics, and *Epileptology, Tohoku University Graduate School of
Medicine; and *Division of Pediatric Neurology, Takuto Rehabilitation Center for Children, Sendai, Japan

Object. Corpus callosotomy is usually intended to alleviate —not to achieve total control of —epileptic seizures.

A few patients experience complete seizure control after callosotomy, but the associated clinical factors are unknown.
The object of this study was to investigate clinical factors associated with long-term seizure remission after total
corpus callosotomy in patients with infantile or early childhood onset epilepsy.

Methods. Thirteen consecutive patients with infantile or early childhood onset epilepsy underwent [-stage total
corpus callosotomy for alleviation of seizures. Their age at surgery ranged from 1 year and 5 months to 24 years
(median 7 years). Eleven patients had West syndrome at the onset of disease, and the other 2 had Lennox-Gastaut
syndrome. All patients suffered from spasms, axial tonic seizures, or atonic seizures. Six patients had proven etiology
of epilepsy, including tuberous sclerosis, polymicrogyria, trauma, and Smith-Magenis syndrome. The association be-
tween postoperative seizure freedom and preoperative factors including age at surgery, no MRI abnormalities, proven
etiology, and focal electroencephalographic epileptiform discharges was examined.

Results. Postoperative seizure freedom was achieved in 4 of 13 patients for a minimum of 12 months. All 4 pa-
tients had no MRI abnormalities and no identified etiology. None of the 8 patients with MRI abnormality, 6 patients
with known etiology of epilepsy, or 4 patients aged older than 10 years at surgery achieved seizure freedom. Two of
the 7 patients with focal electroencephalographic abnormalities became seizure free. Absence of MRI abnormalities
was significantly associated with postoperative seizure freedom (p < 0.01).

Conclusions. Complete seizure remission is achieved after total corpus callosotomy in a subgroup of patients
with intractable epilepsy following West syndrome or Lennox-Gastaut syndrome. One-stage total corpus callosotomy
at a young age may provide a higher rate of seizure freedom, especially for patients with no MRI abnormalities and

no identified etiology of epilepsy.

(http:ilthejns.orgldoilabs/10.3171/2012 3. PEDS11544)

Key Worps ¢ epilepsy surgery
seizure outcome ¢

ative treatment for patients with intractable epilep-

sy who are not candidates for resective surgery.”*
%1419 T ong-term postoperative outcomes have demon-
strated the safety and effectiveness of the procedure %8
Meaningful (50% or greater) seizure reduction is seen
in more than 70% of patients. Corpus callosotomy is es-
pecially effective for suppressing drop attacks and gen-
eralized tonic-clonic seizures.'® Corpus callosotomy
achieves seizure freedom from drop attacks in more than

CORPUS callosotomy has been established as a palli-

Abbreviations used in this paper: ACTH = adrenocorticotropic
hormone; AED = antiepileptic drug; DQ = developmental quotient;
EEG = electroencephalography.

J Neurosurg: Pediatrics / Volume 10/ July 2012

pediatric epilepsy

West syndrome  *  corpus callosotomy  «

80% of patients.' Total section of the corpus callosum is
more effective than partial section.*

Corpus callosotomy is employed as a last resort in
most situations, because the indications and efficacy are
not definitive. The efficacy of corpus callosotomy has
been measured by various criteria, such as more than
50% seizure reduction, more than 75% reduction, or free-
dom from drop episodes.>'®7 Corpus callosotomy results
in complete seizure remission in a small number of pa-
tients.>'® Up to 10% of patients experience Engel Class I
outcome after surgery.>'!7 However, the clinical factors
indicating such curative outcome have never been inves-
tigated.

In the present study we retrospectively investigated
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the clinical factors associated with long-term seizure re-
mission after total corpus callosotomy in patients with
infantile or early childhood onset epilepsy.

Methods

This study was approved by the Tohoku University
Graduate School of Medicine institutional review board.

Study Popularion

This study included 13 consecutive patients with
infantile or early childhood onset epilepsy who under-
went 1-stage total corpus callosotomy for alleviation of
seizures. The patients’ characteristics are summarized
in Table 1. All patients underwent comprehensive evalu-
ation of epilepsy including video-EEG monitoring, 3T
MRI, and FDG-PET. Patients were qualified for surgical
treatment after a management conference. Their age at
epilepsy onset ranged from 11 days to 28 months (me-
dian 7 months). Their age at surgery ranged from 1 year 5
months to 24 years (median 7 years).

Eleven patients were diagnosed with West syndrome
at the onset of disease. Another 2 patients (Cases 4 and
13) had an electroclinical diagnosis of Lennox-Gastaut
syndrome. Magnetic resonance imaging was performed
in all cases. Skin examination, metabolic screening, fun-
doscopy, and chromosomal analysis were also performed
as required. In 6 patients a causal condition (tuberous
sclerosis, traumatic brain injury, diffuse polymicrogyria,
or Smith-Magenis syndrome) was identified. In 7 patients
there was no proven ctiology; brain MRI showed mild
to moderate atrophy in 2 of these 7, and no abnormal-
ity in 5. Interictal EEG was characterized by generalized
and/or multifocal epileptiform discharges in all patients.
No patients had focal or lateralized features as part of
the seizure semiology. Twelve of the 13 patients suffered
from drop attacks; the 1 patient who did not (Case 12)
was largely bedridden due to severe developmental delay.
Drop attacks were defined as seizure-related falls causing
injury to the body or head, not as a specific seizure type,
in this study. Spasms, tonic seizures, or atonic seizures
‘could cause drop attacks. All patients presented with de-
velopmental delay or regression at the time of surgery.
Ten patients with the initial diagnosis of West syndrome
received ACTH therapy in the early course of the disease.
Medication with 5 or more AEDs had failed to control
seizures in all patients.

Corpus Callosotomy

One-stage total corpus callosotomy was performed
with right paramedian frontal craniotomy.® The patient
was positioned supine with no head rotation. The head
was elevated so that the anterior part of the corpus cal-
losum was approached perpendicularly. Sufficient work-
ing space was available in all patients anterior to the
coronal suture and no bridging veins were sacrificed,
although MR venography was routinely performed to
evaluate the bridging veins to the superior sagittal sinus.
The arachnoid membrane of the interhemispheric fissure
was sharply dissected to expose the surface of the corpus

8
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callosum between the anterior cerebral arteries. First, the
dissection was advanced anteriorly to identify the anterior
end of the callosum, where the anterior cerebral arteries
course ventrally along the callosal surface. Then, aspira-
tion of the corpus callosum was started approximately 2
cm posterior to that point. Care was taken to maintain
gentle aspiration at the midline to open the cavity of the
septum pellucidum but not to enter the lateral ventricle.
The cavity of the septum pellucidum is typically iden-
tified as a narrow space without subependymal vascula-
ture. Once the cavity is opened, sectioning of the corpus
callosum was performed as if breaking the “roof” of the
cavity over its entire length. Fine subpia] aspiration was
performed by following the anterior cerebral arteries at
the genu and rostrum, and by following the splenial veins
at the splenium. The patient’s head was lowered when
sectioning the splenium, such that the posterior part of
corpus callosum was perpendicular to the floor.

Postoperative Follow-Up and Outcome Evaluation

Postoperative MRI was performed at 7 days after sur-
gery. Patients were followed up with continuation of an-
tiepileptic medication by pediatric neurologists. Seizure
outcome was evaluated at the outpatient clinic using num-
bers of total seizures and drop attacks, both measured as
reduction of the frequency relative to prcoperativc state.
Seizure freedom was defined as seizures being complete-
1y controlled for more than 12 months. The association
between postoperative seizure freedom and preoperative
factors (including an age of less than 10 years at the time
of surgery, normal MRI findings, proven etiology, and
presence of focal epileptiform discharges on EEG) was
examined with the Fisher exact test.

Results
Seizure Outcome

Postoperative MRI confirmed complete section of
the corpus callosum in all patients. The duration of fol-
low-up ranged from 8§ to 35 months (median 19 months).
Complete seizure remission was achieved postoperatively
in 4 patients for a minimum of 12 months. The frequency
of seizures was reduced by 50% or greater in 3 other pa-
tients and remained unchanged in 6 patients. However, all
of these 9 patients experienced appreciable reduction of
seizure intensity. In 8 of these patients, spasms or tonic
seizures persisted but did not cause drop attacks; in the
other patient, drop attacks were reduced by 90%.

Long-term seizure remission was obtained immedi-
ately after surgery and was sustained in 3 patients. One
patient (Case 1) experienced relapse of epileptic spasms
at 10 months after surgery but regained seizure freedom
within 1 month after adjustment of medication and re-
mained seizure free for the following 20 months. Of the
9 patients without complete seizure remission, 5 patients
(Cases 8—11 and 13) continued to have seizures from the
immediate postoperative period. Four patients experi-
enced short-term remission immediately after surgery,
but suffered seizure relapse—within 2 weeks in 3 pa-
tients, and within 3 months in 1.

The number of AEDs was reduced postoperatively

J Neurosurg: Pediatrics | Volume 10/ July 2012
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TABLE 1: Clinical and demographic characteristics of 13 patients who underwent corpus callosotomy™

Age Age Ep
Case (yrs)f (mos)at Syndrome
No. Sex EpOnset atOnset

Etiology MRI EEG Seizure Types Previous Tx

Preop AED

Seizure Oufcomet Postop
All Drop AEDs at FU
Attacks

Seizures Last FU {mos}

pasm, axic PA,
ic,atonic  CLB, loflazepam, |
spasm, axial tonic ACTH, VI T, PB,
ZNS, CZP, NZP, loflaz-
epam, KBr, sultiame

gen SSWC }

2 &M 19 West NI NML

VPA, LTG, TPM, CZP,
CLB, NZP

ACTH =2, vit B, VPA,
PHT, LTG, TPM, ZNS,
GBP, CLB, CZP, NZP,
acetazolamide

. g ol :
atrophy

gen 'SSWC
& multi-
focal

8 6, F 9 West

Smith
syndrome

-Magenis general
atrophy LTG, TPM, ZNS, ESM,

CZpP, DZP, CLB

 ACTH, VPA, PHT, CBZ,
PB, LTG, TPM, CZP,

8, FU' tuberous scle- rt frontal tu- gén & focal étohsc-ibnic
rosis ber

spasm, axial fonic ACTH x2, VPA, PHT, PB, |

VPA, ZNS

free free VPA, LTG

Awoy0so[eo sndiod 1018 WOopPad] 2INZIeS

>75% rey-c ' frée
duction

3, no change

50% fe- free
duction

PB, CLB, LEV 19

>90% re-  VPA, PHT,
duction  loflazepam

VPA, PHT, LTG, no change
loflazepam

DZP, loflazepam, KBr
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in 2 of 4 patients who achieved complete seizure remis-
sion, and in the other 2 the number remained the same.
Among the 9 patients with postoperatlve seizures, the
number of AEDs was reduced in 3 patients and mcrea.sed
in 1 patient. One patient (Case 9) underwent resective
epilepsy surgery 25 months after corpus callosotomy. For
purposes of the present study, seizure outcome was evalu-
ated in this case at the last follow-up examination before
the second surgery. No other patients received any ad-
ditional surgical treatment (including vagus nerve stimu-
lation) postoperatively, Interictal epileptiform discharges
were present in postoperative electroencephalograms in
all patients. Although reduction in their frequency and
improvement in the posterior background activities were
frequent findings, no clear association with outcome was
observed. Electroencephalographic changes after corpus
callosotomy have been reported previously.?

Preoperative Factors and Qutcome

All 4 patients with complete seizure remission had
no abnormality in preoperative MRI or any identified eti-
ology. None of the 8 paticats with MRI abnormality, 6 pa-
tients with known etiology of epilepsy, or 4 patients aged
older than 10 years at surgery achieved seizure freedom.
Two of the 7 patients with focal electroencephalographic
abnormalities became seizure free. Absence of MRI ab-
normalities was significantly associated with complete
seizure remission (p < 0.01). No other factors including
an age at surgery of less than 10 years, proven etiology,
and presence of focal epileptiform discharges in electro-
encephalograms had any statistical association with sei-
zure remission.

Neurological Outcome

No surgical complications were seen. A slight de-
crease in spontaneity was transiently seen in 6 patients as
a part of the postoperative disconnection syndrome, but
it required no medical intervention and resolved within 7
days. No permanent neurological or behavioral deteriora-
tion was observed. One patient (Case 2) suffered transient
alien hand syndrome in the left extremity for 3 months.
Improvements in attention and behavior were usually
noted by parents.

Ilustrative Case
Case 3

This young girl with intractable epilepsy was referred
for surgical treatment of epilepsy at the age of 4 years and
1 month. Her birth and perinatal history were uneventful.
She had no family history of epilepsy or seizures. She
was developmentally normal at least until age 4 months
and started to suffer clusters of epileptic spasms at the age
of 7 months. Interictal EEG showed marked hypsarrhyth-
mia, and her DQ was as low as 74. Treatment was started
under a diagnosis of West syndrome. Administration of
valproate and vitamin B6 failed to control her seizures,
so a course of ACTH therapy was initiated at the age of
8 months. She had short-term remission of seizures after-
ward, but her seizures recurred at the age of 12 months.
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Since then, her seizures had been resistant to multiple an-
tiepileptic medications including valproate, lamotrigine,
topiramate, zonisamide, and clonazepam. The duration
and intensity of the seizures gradually increased with age.
She was suffering axial tonic seizures 5—10 times a day at
the age of 3 years, which caused frequent episodes of fall-
ing and head injury. At age 3 years 7 months, she started
to lose the ability to walk because of frequent seizures. At
that time, she was taking valproate 240 mg, topiramate
40 mg, and clonazepam | mg per day. She was evaluated
for surgical treatment of epilepsy.

Twenty-four-hour video-electroencephalographic re-
cording revealed a diffuse decremental pattern with no
focal epileptic discharges at the onset of tonic seizures. In-
terictal EEG was characterized by generalized polyspikes
and waves, and occasional left and right frontocentral
spikes (Fig. 1). No abnormalities were revealed by 3T brain
MR, including FLAIR, T2-weighted, and 3D magnetiza-
tion-prepared rapid acquisition gradient echo sequences.
Interictal FDG-PET and iomazenil-SPECT showed no
focal decrease of uptake. Corpus callosotomy was recom-
mended at the case management conference to reduce the
risk of seizure-related injury. The patient’s preoperative
DQ was 17. She underwent total corpus callosotomy with
right paramedian frontal craniotomy (Fig. 2).

The postoperative course was uneventful and the pa-
tient did not show signs of disconnection syndrome. Post-
operative MRI confirmed complete section of the corpus
callosum (Fig. 3). Antiepileptic medications were contin-
ued as before surgery. The patient has been completely
seizure free for 13 months. Her parents noticed improve-
ment in her hyperactive behavior, and she regained the
ability to walk 6 months after surgery. Her DQ at 1 year
after surgery was 16.

Discussion

This study shows that complete seizure remission
can be achieved after total corpus callosotomy in a sub-
group of patients with intractable epilepsy following West
syndrome or Lennox-Gastaut syndrome. One-stage total
corpus callosotomy at a young age may provide higher
rates of seizure freedom, especially for patients with no
MRI abnormality and no identified etiology. The present
study involved only a small number of patients, but sug-
gested that absence of MRI abnormality was associated
with postoperative seizure freedom. No patient with ab-
normal findings on MRI or proven etiology of epilepsy
achieved seizure freedom.

Application of total callosotomy for pediatric patients
is a major reason for the high rate of complete seizure re-
mission in our study. Total callosotomy is clearly more
effective than partial or anterior callosotomy in seizure
reduction.®™ A high rate of complete seizure remission
was observed in a study that primarily employed total cal-
losotomy,'® and 1-stage total callosotomy is increasingly
indicated for poorly functioning children with intractable
epilepsy, because of the minimum risks for disconnection
syndrome. The median age at surgery was 7 years in our
study, younger than in previous reports. No permanent
neurological deterioration was observed postoperatively.
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Fic. 1. Case 3. Upper: Preoperative T1-weighted and FLAIR MR
images showing no abnormalities. Lower: Interictal scalp electro-

encephalogram showing generalized (filled circle) and occasional left
hemisphere (stars) spikes.

In addition to involving a small number of patients, our
study is based on relatively short-term follow-up. Since
seizure control may change over the years, a longer fol-
low-up study including a larger number of patients is re-
quired in the future to validate our results.

Corpus callosotomy may be a more effective treat-
ment option than previously thought for patients with
intractable generalized epilepsy and no identified etiol-
ogy. The majority of our patients had a diagnosis of West
syndrome at the onset of epilepsy. West syndrome has
been conventionally divided into symptomatic and cryp-
togenic types. However, to avoid ambiguous use of the
term “cryptogenic,” a recent population study classified
the syndrome into cases with “proven etiology” and those
with “no identified etiology.”'** Approximately one-third
of patients with West syndrome present with no identified
etiology.” In one retrospective study, 45% of the patients
did not respond to first- and second-fine therapy, includ-
ing steroids, vigabatrin, and valproate, and 27% had re-
fractory spasms at the last follow-up examination.”® Total
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Fie. 2. Case 3. One-stage total corpus callosotomy. ~ A: Schematic
image of the approach to the corpus callosum (red arrows). Complete
callosal section is performed through the right frontal interhemispheric
space and advanced to the depth of the operative field by aspirating
the splenium.  B: The body of the corpus callosum is aspirated at the
midline to first open the cavity of the septum pellucidum farrow). Most
of the body of the corpus callosum is dissected by following this cav-
ity. C: Aspiration of the genu of the corpus callosum. The callosum
is aspirated subpially by following the anterior cerebral artery (dashed
arrow). The cut plane of the genu is indicated with an asferisk. Note that
the cavity between the septum pellucidum is fully opened posteriorly
(arrow).  D: Subpial aspiration of the splenium. The procedure is ad-
vanced to the depth of the operative field at this stage. The part of the
splenium that is aspirated is indicated by a dofted circle.

corpus callosotomy may provide long-term seizure con-
trol for such refractory cases with no identified etiology
or MRI abnormality. It should be noted that the ketogenic
diet and vagus nerve stimulation are less invasive treat-
ment alternatives. A recent study of a pediatric popula-
tion reported that a greater than 75% reduction in drop
attacks was achieved in 43% of patients for 12 months
after vagus nerve stimulation.! However, complete sei-
zure remission was not described. Corpus callosotomy is
probably more effective in terms of seizure control than
vagus nerve stimulation, but this increase in effectiveness
must be weighed against the increased surgical risks.'>*
Complete seizure remission was documented in
0%-10% of patients in larger case series involving corpus
callosotomy.>'%!” However, those studies focused on “re-
duction” of seizure frequency, and clinical factors for cu-
rative outcome were not investigated. In one recent study,
Shim et al."” performed 1-stage total corpus callosotomy
in 34 patients with pediatric generalized epilepsy (mean
age at surgery 8.7 years). A surprisingly high rate of com-
plete seizure freedom (35%) was reported, similar to the
findings of our study. However, the authors could not find
a clear relationship between MRI findings and outcome.
This is probably because of a different patient population.
They included mostly symptomatic patients with rela-
tively late onset of epilepsy (mean 2.5 years) and various
types of seizures, such as complex partial and general-
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Fie. 3. Case 3. Upper: Postoperative T1-weighted MR images
showing dissection of the corpus callosum at the midline. Lower:
Postoperative interictal scalp electroencephalogram showing no gener-
alized spikes. Left and right hemisphere spikes are seen independently.

ized tonic-clonic seizures. In contrast, the majority of our
patients had earlier onset of epilepsy with electroclinical
diagnosis of West syndrome. All of our patients suffered
from spasms, axial tonic and atonic seizures, and half of
them were considered to have cryptogenic epilepsy.

The present study shows that severing of major cor-
ticocortical connections between the hemispheres can
dramatically reduce seizures in patients with diffusely
distributed epileptogenic cortices. How sectioning of the
corpus callosum actually causes complete seizure remis-
sion remains unknown. A previous study of callosal elec-
trical potentials showed that the corpus callosum does
not simply transfer the epileptic activities from one hemi-
sphere to the other, but rather facilitates simultaneous ac-
tivation, or synchrony, of epileptic neurons in both hemi-
spheres.'? Importantly, none of our patients with complete
seizure remission had an identifiable seizure etiology.
Patients with infantile spasms and no identified etiology
form a group with relatively favorable seizure outcome.?
Thus, the epileptogenic potential is probably lower in
those patients. It is important to note that epileptiform
discharges were present postoperatively in the electroen-
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cephalograms obtained in all of our patients, suggesting
that corpus callosotomy itself does not completely sup-
press epileptic activities. Sectioning of the corpus callo-
sum prevents the development of bisynchronous seizure
activities, and in selected cases, a single hemisphere is
not sufficient to generate spontaneous seizures, or the sei-
zures can be well controlled by antiepileptic medications.

Conclusions

Complete seizure remission was achieved after total
corpus callosotomy in a subgroup of patients with intrac-
table epilepsy subsequent to West syndrome or Lennox-
Gastaut syndrome. Corpus callosotomy may be an impor-
tant treatment option for patients with infantile or early
childhood onset epilepsy with unidentified etiology and
no MRIT abnormalities.
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