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Foreword

The Fourth International Conference on Bioinformatics, Biocomputational Systems and Biotechnologies
(BIOTECHNO 2012), held between March 25-30, 2012 - St. Maarten, Netherlands Antilles, covered these
three main areas: bioinformatics, biocomputational systems, and biotechnologies.

Bioinformatics deals with the system-level study of complex interactions in biosystems providing a
guantitative systemic approach to understand them and appropriate tool support and concepts to
model them. Understanding and modeling biosystems requires simulation of biological behaviors and
functions. Bioinformatics itself constitutes a vast area of research and specialization, as many classical
domains such as databases, modeling, and regular expressions are used to represent, store, retrieve and
process a huge volume of knowledge. There are challenging aspects concerning biocomputation
technologies, bioinformatics mechanisms dealing with chemoinformatics, bioimaging, and
neuroinformatics.

Brain-computing, biocomputing, and computation biology and microbiology represent advanced
methodologies and mechanisms in approaching and understanding the challenging behavior of life
mechanisms. Using bio-ontologies, biosemantics and special processing concepts, progress was achieved
in dealing with genomics, biopharmaceutical and molecular intelligence, in the biology and microbiology
domains. The area brings a rich spectrum of informatics paradigms, such as epidemic models, pattern
classification, graph theory, or stochastic models, to support special biocomputing applications in
biomedical, genetics, molecular and cellular biology and microbiology. While progress is achieved with a
high speed, challenges must be overcome for large-scale bio-subsystems, special genomics cases, bio-
nanotechnologies, drugs, or microbial propagation and immunity.

Biotechnology is defined as the industrial use of living organisms or biological techniques developed
through basic research. Bio-oriented technologies became very popular in various research topics and
industrial market segments. Current human mechanisms seem to offer significant ways for improving
theories, algorithms, technologies, products and systems. The focus is driven by fundamentals in
approaching and applying biotechnologies in terms of engineering methods, special electronics, and
special materials and systems. Borrowing simplicity and performance from the real life, biodevices cover
a large spectrum of areas, from sensors, chips, and biometry to computing. One of the chief domains is
represented by the biomedical biotechnologies, from instrumentation to monitoring, from simple
sensors to integrated systems, including image processing and visualization systems. As the state-of-the-
art in all the domains enumerated in the conference topics evolve with high velocity, new
biotechnologes and biosystems become available. Their rapid integration in the real life becomes a
challenge.

We welcomed technical papers presenting research and practical results, position papers addressing the
pros and cons of specific proposals, such as those being discussed in the standard forums or in industry
consortia, survey papers addressing the key problems and solutions on any of the above topics short
papers on work in progress, and panel proposals.



We take here the opportunity to warmly thank all the members of the BIOTECHNO 2012 technical
program committee as well as the numerous reviewers. The creation of such a broad and high quality
conference program would not have been possible without their involvement. We also kindly thank all
the authors that dedicated much of their time and efforts to contribute to BIOTECHNO 2012. We truly
believe that, thanks to all these efforts, the final conference program consisted of top quality
contributions.

We hope that BIOTECHNO 2012 was a successful international forum for the exchange of ideas and
results between academia and industry and to promote further progress in biotechnology.

We are certain that the participants found the event useful and communications very open. The
beautiful places of St. Maarten surely provided a pleasant environment during the conference and we
hope you had a chance to visit the surroundings.
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Abstract—New biomarker candidates for breast cancer re-
currence are urgently needed to provide patients an optimal
treatment and avoid “overtreatment” where patients needlessly
suffer from the toxic side effects of chemotherapy. In this work,
we present a new network-based approach to identify biomarker
candidates for breast cancer recurrence. Our coupled three-step
strategy first selects relevant genes by using a filter approach.
In the second step, we infer a new type of network where the
number of edges of each vertex (i.e., degree) represents the
predictive value of the underlying gene. In the third step, we
conduct a database search for biomedical interpretation of our
findings. Using a breast cancer microarray dataset we could
verify top ranked genes associated with breast cancer and other
pathophysiological processes.

Index Terms—biomarker discovery; microarray; feature selec-
tion; networks; breast cancer

I. INTRODUCTION

Recent biotechnological advances in the “omics” sciences
such as microarrays have led to high amounts of data. In
particular, this data is characterized by a high number of
features (e.g., genes) and a small number of samples (large p,
small n problem) [1]. To identify highly predictive biomarker
candidates, sophisticated feature selection approaches, includ-
ing filters and wrappers, are required [2]. Wrapper approaches
[3] use learning algorithms (i.e., a classifier if the dependent
variable is categorical) and a search strategy to identify sets
of highly discriminating features. Filter approaches that cal-
culate a measure for every feature representing its predictive
ability are independent of a classifier and generally have less
extensive computational costs [4].

Advances of computer systems have also led to extensive
biological network analysis [5]-[7], increasing understanding
of interactions between genes, proteins and metabolites.

In this work, we introduce a new three-step network-based
approach to identify genes related to breast cancer recurrence.
New biomarker candidates demonstrating recurrence are ur-
gently needed for diagnosis and to provide the patients with
an optimal treatment plan. According to Weigelt et al. [8],
currently, more than 80% of female patients with breast cancer
receive adjuvant chemotherapy, though only approximately
40% relapse and ultimately die of metastatic breast cancer.
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Consequently, many patients are over-treated needlessly, suf-
fering from toxic side effects of chemotherapy [8].

Section “Materials and Methods” describes our new three-
step network-based approach. In the “Results and Discussion”
section, we show our results for an example dataset. Finally,
we conclude and discuss our method and findings.

II. MATERIALS AND METHODS
A. Data

We used 59 preprocessed microarray spectra (platform
GPL1390) from the study of Hoadley et al. [9] available at the
GEO database [10] (ns = 59). The data includes 29 controls
and 30 cases (breast cancer recurrence within 36 months). In
our experiments we only use genes where the ensembl gene
id is available (ny = 11638).

B. Computational approach

Given is a set of tuples (dataset) T = {=;,y;};, with
x; € R™ and y; € {case, control}, where n; is the number
of features, ns is the number of samples and y is the set of
classlabels. Recently, we developed a new supervised approach
to infer networks based on the ratios between metabolites [11].
Therefore, we first calculated all ratios R between features F’,
where r;; = |log, (}C—; | with ¢ > j, and f € F,r € R.

Note that the logarithm induces symmetry of the ratios and
their reciprocals, respectively. We then created a graph G with:

1 if ISZ“l >T
Gy = ! 1
! {O else, M

for 4,7 € 1,...,ny, where 7 is a defined threshold. The
score s representing the discriminatory ability was calculated
using the BI filtering method [12]. Briefly, BI combines a
discriminance measure (D A™*), the coefficient of variation CV
and A pange representing the strength of the change. For the
unpaired BI, we define A = fi , where 7 is the mean of
the comparison group (e.g., case) and T,y is the mean of the
reference group (e.g., control).

In our recent work, we could show that this new type of

network, based on the ratios, outperforms other networks as
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correlation networks in terms of accuracy (see also Netzer
et al., 2011). However, this approach has several limitations:
i) Creating the network for n features results in nin=l)
comparisons and BI calculations (O(n?)); ii) by definition
the values for f must be positive to calculate the logarithms
and T,.y must be # O to calculate the BI scores.

In particular, when dealing with standard normal distributed
microarray data (IV(0,1)) we have a high number of features
(n > 10,000) including negative values for f and T,.s is
close to zero.

Therefore, in this work, we propose a new generic three-
step strategy to overcome the afore mentioned restrictions for
standard normal distributed datasets with a high number of
features (e.g., preprocessed microarray data):

Step 1: In order to reduce the number of features we
first perform a feature selection. Therefore, we use a
filter method and calculate the score s representing the
discriminatory ability of each feature. We remove all features
f with a score less than a defined threshold (s¢ < 7). Finally,
we obtain our reduced dataset 7).

Step 2: Given a standard normal distributed dataset we
calculate all differences D between features F' in T;., where
dij = |fi — fj| with ¢ > 4, and f € F,d € D. Similar to
equation 1 we finally construct the graph with

1 ifs;;>71
Gij = Y 2
/ {0 else, @

In our experiments, we used the information gain [13] to
calculate the score s on the distances d for step 1 and 2. The
information gain /G of a feature f is given by [14]

IG=H(Y)—- H(Y|X), where 3)
H(Y) == p(y)log,(p(y)), and &)
yey
H(Y|X) == p(x) Y plylz)log,(p(ylz)), (5
reX yey

where H(Y') denotes the entropy for Y (class variable) and
H(Y|X) is the entropy of Y after observing X.

The information gain easily allows to identify features with
no or less discriminatory ability. Therefore, we set 7 = 0
(filtering threshold) to remove features with no information
regarding the class attribute. In addition, we also used the
information gain because it can also deal with values < 0.

Step 3: After the network is inferred the genes are
ranked according to the topological descriptor of the vertices.
In this study we ranked the genes according to their degree
(i.e., number of edges).

To verify and interpret our findings a database search to
multiple repositories such as the Database for Annotation,
Visualization and Integrated Discovery (DAVID) [15] and
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database was conducted [16].

Copyright (c) IARIA, 2012. ISBN: 978-1-61208-190-8

. Network Verification &
. Feature selection . . .
Data import STEP 1 inference interpretation
STEP 3
. // Pathway 234
T Tr o > Pathway 354
>\ Pathway 654
Fig. 1. The proposed workflow. The second row outlines the result of each

process from row one. 7" denotes the entire dataset and 77 denotes the reduced
dataset after feature selection.
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Fig. 2. Standard normal distribution of the dataset.

The feature selection was performed using Weka [17].
We used R [18] to implement the network approach methods.
There exist several R packages for handling and analyzing
graphs such as graph [19], igraph [20], QUACN [21] and
BioNet [22]. The overall workflow including data import,
feature selection, network inference and pathway analysis is
depicted in Fig. 1.

The used hardware platform was an Intel Centrino 2x-1.83
GHz PC with 2048 MB RAM.

III. RESULTS AND DISCUSSION

This works aims at identifying new genes related to breast
cancer recurrence. The distribution of the used dataset is
shown in Fig. 2. After feature selection of step 1 a total of 156
genes yielded an information gain > 0. The resulting network
after applying step 2 to the reduced dataset is shown in Fig.
3. The ten top ranked genes using the degree (i.e., number of
edges) are listed in Table I.

The related pathophysiological processes of the identified
gene set are shown in Table II.

Kallilreins gene family are a group of serine proteases and
known to be involved in several endocrine related malignancies




BIOTECHNO 2012 : The Fourth International Conference on Bioinformatics, Biocomputational Systems and Biotechnologies

[23]. Kallikrein gene 7 (KLK7) was first reported in 1991 in
the desquamation of stratum corneum [24] and later reported
to be highly upregulated in ovarian carinomas [25]. Recent
studies have reported that KLK7 can be up regulated primarily
by estrogens and glucocorticoids [26], [27]. The expression of
the KLK7 gene was supposed to be the most independent
prognostic marker for the survival of patients with breast
cancer [27].

Salivary amylase alpha 1 (AMY1) is involved in the starch
and sucrose metabolism. It was reported to be highly expressed
in individuals with high starch diets [28] and highly activated
under psychosocial stress [29]. There is no existing evidence
which supports the association between AMY1 and breast
cancer, however, recent study reported AMY1 is an important
modulator of cAMP-dependent protein kinase (PKA) which
has versatile functions in cells [30].

The PH domain of PHLDA2 can compete with the PH
domain of some other proteins, thereby interfering with their
binding to phosphatidylinositol 4,5-bisphosphate (PIP2) and
phosphatidylinositol 3,4,5-triphosphate (PIP3) in membrane
lipids thus involved in various biological processes [15].

SnrpC belongs to the Ul small nuclear ribonucleoprotein
C family and was reported to be involved in the splicing of
mRNA [31]. The peptidylarginine deiminases 2 (PAD2) is a
member of PADs which catalyze citrullination by converting
arginine residues of proteins [32], [33]. It was also reported to
play a role in inflammatory response, cell apoptosis [34], [35]
as well as the gene regulation in the mammary glands [36].

Weel is another gene which was previously reported to be
involved in tumourigenesis [37], [38] as well as the signaling
regulation in breast cancer stem cells [39]. It was suggested
to act as a tumor suppressor via regulating Cyclin and cyclin-
dependent kinase complexes [37].

SOCS family proteins are part of a classical negative
feedback system that regulates cytokine signal transduction of
which SOCS2 appears to regulate the growth hormone/IGF1
signaling pathway [15], [40]. It is also suggested to play a role
in the oncogenesis of ovary and mammary gland [41].

SOXS5 is one of the high-mobility group (HMG) which has
been recognized as a key player in the regulation of embryonic
development [42] and in the determination of cell fate [43]
reported to be involved in the progression of glioma and
prostate cancer [44], [45].

KIAA0494 was supposed to play a role in the splicing of
eukaryotic pre-mRNAs [46] but there are no more studies
provided on its effect on tumorgenesis. CTP synthase (CTPS)
plays a predominant role in CTP synthesis by converting UTP
to CTP thus controling cell proliferation, differentiation and
apoptosis [47]. Previous studies have demonstrated that CTPS
depletion resulted in stabilization of wild-type p53 and showed
antitumor effects in breast cancer cells [48].

Among the top 10 most related genes, we found that
half of them had been previously reported to play roles in
tumorogenesis, such as KLK7, Weel, SOCS, SOXS5 and CTPS.
Furthermore, some had been studied in breast cancer (KL7,
Weel,SOCS, CTPS). However, the others were first suspected

Copyright (c) IARIA, 2012. ISBN: 978-1-61208-190-8

Fig. 3.

The resulting network in which the ten white vertices represent the
genes with highest degree. The network is plotted using Cytoscape [49].

TABLE I
THE GENE ID, DEGREE AND NAME OF THE TOP 10 RANKED FEATURES.

Rank  Gene ID Degree  Gene name

1 ENSG00000169035 86 kallikrein-related

(KLK7)

peptidase 7

2 ENSGO00000051415 68 amylase, alpha 1A, 1B, 1C

3 ENSG00000181649 66 pleckstrin homology-like domain

family A, member 2 (phlda2)

4 ENSG00000124562 54 small nuclear ribonucleoprotein

polypeptide C

5 ENSGO00000117115 52 peptidyl arginine deiminase, type

II

6 ENSG00000166483 51 WEEI1 homolog (S. pombe)

7 ENSG00000120833 49 suppressor of cytokine signaling 2

8 ENSGO00000134532 47 SRY (sex determining region Y)-

box 5

9 ENSGO00000159658 45 KIAA0494

10 ENSG00000171793 43 CTP synthase

to be involved in the development or progression of breast
cancer. Our results revealed that it is possible that these
genes provide new targets for the control of breast cancer.
However, further studies are warranted and essential to verify
and validate these promising findings.

IV. CONCLUSION

In this work, we introduced a new network-based approach
to identify biomarker candidates for breast cancer recurrence.
Our main contribution is to propose a new workflow that
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TABLE I
THE RELATED PATHOPHYSIOLOGICAL PROCESSES OF THE TOP 10 RANKED
GENES. THE ASSOCIATED GENE NAMES CAN BE FOUND IN TABLE I.

Rank Related pathophysiological processes

1 Play a role in the desquamation of the skin, the stratum corneum.
Up-regulated in by estrogens and glucocorticoids.

2 involved in starch and sucrose metabolism, dalivary secretion,
carbohydrate digestion and absorption.

3 compete to bind phosphoinositides in the membrane lipids with a
broad specificity in various biological processes

4 associated with snRNP Ul. and involved in the splicesome path-
way

5 catalyzes the deimination of arginine residues of proteins

6 participate in the cell cycle with an increased synthesis during S
and G2 phases

7 a negative regulator in the growth hormone/IGF1 signaling path-

way

8 binds specifically to the DNA sequence 5’-AACAAT-3’, overex-
pressed in glioma and prostate tumor

9 involved in the splicing of eukaryotic pre-mRNAs

10 catalyzes the ATP-dependent amination of UTP to CTP, play a
role in pyrimidine metabolism

includes the filtering of relevant genes and inferring the
network based on an information entropy measure. Our three-
step strategy selected in the first step relevant features using
the information gain. In the second step we inferred a new
type of a network where the number of edges of each vertex
(i.e., degree) represents the predictive ability of the underlying
feature. Finally we used the DAVID and KEGG databases to
verify and interpret top ranked genes.

Using our breast cancer microarray dataset from the GEO
database we could identify a set of known and unexpected
genes associated with breast cancer and other pathophysio-
logical processes. The proposed generic method can also be
applied to other biomedical questions (e.g., other diseases) or
types of data such as metabolic datasets.
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Abstract - One major issue regarding the clinical use of
many peptides is their short half-life in the body, due to
the rapid clearance from the circulation. To overcome this
issue, the carboxyl-terminal peptide of human chorionic
gonadotropin B subunit was ligated to the coding se-
quence of follitropin, thyrotropin, erythropoietin and
growth hormone. This peptide contains 28 amino acids
and four O-linked oligosaccharide recognition sites. It was
postulated that the O-linked oligosaccharides add flexibil-
ity, hydrophilicity and stability to the protein. Ligation of
this peptide to the coding sequence of these hormones has
no effect on receptor binding and in vitro bioactivity.
However it is dramatically increased half-life and bioactiv-
ity in vivo. Interestingly, the new analogs of follitropin and
growth hormone were found not immunogenic in human.
Follitropin already passed successfully clinical trials
phase 111 and approved by The European Commission for
human use. In addition, our results indicated that long
acting growth hormone is not toxic in monkeys and it
passed successfully clinical trials phase Il in adults. Other
strategy to stabilize the peptide hormones was to convert
the heterodimeric structure to a single chain by fusing the
subunits to a single gene with or without the carboxyl-
terminal peptide of human chorionic gonadotropin S
subunit. The single peptide chains of human thyroptropin
were active and have longer half-life in the circulation.

Keywords - recombinant proteins; long acting;
follitropin; thyrotropin; human chorionic gonadotropin;
growth hormone; erythropoietin.

l. INTRODUCTION

The family of glycoprotein hormones consists of Thyrotro-
pin (TSH), Lutropin (LH), Follitropin (FSH) and Chorionic
Gonadotropin (CG). These hormones are heterodimers, consist-
ing of the noncovalent association of a common ¢ subunit with
a unique g subunit that confers biological specificity to the
hormone [1] [2]. The individual subunits have no known bio-
logical activity. Thus, formation of heterodimer is essential for
activity [1] [2] [3]. The « subunit within a species has an iden-
tical amino acid sequence in all four members of this hormone
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family. The £ subunit shares considerable amino acid homology
with one another, indicating that most likely they evolved from
a common precursor [4] [5] [6]. The subunits achieve their
tertiary structures by the formation of internal disulfide bonds;
5 in the a subunit and 2-6 in the g subunits. The location of
cystein residues, which determines the 3-dimensional structure
of the subunits by predicating their folding, in the g subunits
is highly conserved among the various hormones as well as
different species [4].

The glycoprotein hormones activate the target cells via
adenylate cyclase-linked receptors through binding to the
membrane receptors. FSH stimulates follicular development in
the ovary and gametogenesis in the testes. LH, acts primarily in
promoting luteinization of the ovary and in stimulating Leydig
cell function of the testes. CG maintains the corpus luteum in
the ovary during pregnancy. TSH is a major regulator of thyro-
id hormone synthesis and secretion from the thyroid gland. The
thyroid hormones triiodothyronine (T3) and thyroxine (T,)
regulate the synthesis and secretion of TSH from the pituitary
[1] [3].

The subunits contain one (TSHS and LHp) or two (a,
FSH and hCGp) asparagine N-linked oligosaccharide chains
[1] [2]. One unique structural difference among the subunits is
the sequence of the carboxy terminus. TSH and LH subunits
contain short hydrophobic stretches at their termini, deduced
from gene sequencing [5]. However, the mature subunit does
not contain the sequence due to a final deletion process. hCGS
subunit is distinguish from the other human B subunits in that
it contains a unique 29 amino acid carboxyl-terminal peptide
(CTP) bearing four O-linked oligosaccharide chains
(Fig.1). It has been suggested that the  O-linked
oligosaccharide chains play an important role in the secretion
of intact hCG from the cell, enhaced bioactivity and prolonged
its circulating half-life in vivo [6]. Deletion of the O-linked
oligosaccharide chains from hCG, didn’t affect assemly of the
subunits or secretion of the dimer from the cell and in vitro
bioactivity. On the other hand, it was shown that truncated
hCG without the CTP is 3 times less potent than intact hCG in
vivo [7]. On the other hand, the O-linked oligosaccharide
chains play a minor role in receptor binding and signal
transduction. These findings indicate that the CTP of hCGpS
and the associated O-linked oligosaccharides are not important
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Figure 1. Human chorionic gonadotropin subunits. Localization of asparagine-
linked carbohydrates (N) in both subunits are indicated. The CG/ subunit
contain four sites of O-linked ologosaccharide chaines (O) in the CTP region.

for receptor binding or in vitro signal transduction, but are
critical for in vivo bioactivity and half-life [6]

It was reported that the kidney is the main site of clearance
for glycoprotein hormones [8]. On the other hand, much less
hCG, which contains the CTP associatioted with the four O-
linked oligosaccharide chains, is cleared by the Kkidney [9].
Other studies indicated that sialic acid plays an important role
in the survival of glycoproteins in the circulation [1] [2]. It has
been suggested that more negatively charged forms of
glycoprotein hormones have longer half-lives, which may be
related to a decrease glomerular filtration [10]. Thus, the
presence of the CTP with its sialylated O-linked
oligosaccharides may prolonged the circulating half-life of the
hormone secondary to a decrease in renal clearance.

Erythropoietin (EPQ) is a glycoprotein hormone produced
primarily by cells of the peritubular capillary endothelium of
the kidney [11] [13]. EPO is a member of an extensive cyto-
kine family which also includes growth hormone, prolactin,
interleukins 2 through 7, granulocyte colony-stimulating factor
(G-CSF), granulocyte-macrophage colony-stimulating factor
(GM-CSF), macrophage colony-stimulating factor (M-CSF),
oncostatin-M, leukemia inhibitory factor and ciliaryneuro-
trophic factor. EPO production is stimulated by reduced
oxygen content in the renal arterial circulation. Circulating
EPO binds to EPO receptors on the surface of erythroid pro-
genitors resulting in replication and maturation to functional
erythrocytes by an incompletely understood mechanism.

The gene encoding human erythropoietin was cloned in 1985
leading to the production of recombinant human EPO (rhu-
EPO) [13]. The rhuEPO has been used successfully in a variety
of clinical situations to increase production of red blood cells.
Currently, this agent is licensed for use in the treatment of the
anemia of renal failure, the anemia associated with HIV infec-
tion in zidowudine (AZT) treated patients, and anemia asso-
ciated with cancer chemotherapy. Administration of rhuEPO
has become routine in the treatment of anemia secondary to

Copyright (c) IARIA, 2012. ISBN: 978-1-61208-190-8

renal insufficiency where doses of 50-75 U/Kg given three
times per week are used to gradually restore heamatocrit and
eliminate transfusion dependency.

Human Growth Hormone (GH) is a member of family of
closely related hormones that include prolactin and placental
lactogen. GH regulates wide variety of physiological processes
including growth and differentiation of muscle, bone and
cartilage cells. GH is secreted by the somatotrophs of the
anterior pituitary gland and acts on various tissues to promote
growth and influence metabolism. GH antagonizes insulin
effects by increasing hepatic gluconeogenesis and glycogeno-
lysis by decreasing peripheral glucose consumption, effect that
attributed to lipolytic effect. Disturbances of the carbohydrate
metabolism can modulate the secretion of GH. The use of GH
for the treatment of children with impaired linear growth has
been accepted as an important therapeutic modality for many
years. In addition, beneficial effects of GH replacement therapy
in hypopituitary adults are well established. GH replacement
therapy reduced body fat and increased body mass.

Il. RESEARCH TOPICS

One major issue regarding the clinical use of glycoprote-
in hormones is their relatively short half-life in vivo due to
their rapid clearance from the circulation when it's injected
intravenously. Thus, the therapeutic protocol used in the
treatment of glycoproteins, required frequent injections. The
recommended therapy with rhuEPO is 2-3 times per week by
subcutaneous or intravenous injections. Similarly, FSH or
GH is injected daily. Therefore, we anticipated that ligation
the CTP to the coding sequence of glycoprotein hormones
will increase the half-life and bioactivity in vivo. This may
reduce the number of injections per week. Therefore, it was
hypothesized that FSH dimmer, EPO or GH containing the
CTP would have a prolonged half-life and higher bioactivity
in vivo. On the other hand, assembly of the hTSHZ and o-
subunit is the rate limiting step in the production of func-
tional heterodimer [3]. Thus, we hypothesized that convert-
ing hTSH to a single chain form could increase the half-life
and expand the range of TSH structure — function studies.
Here, we describe the construction of biologically active
hTSH single chains with or without the CTP.

lll. DESIGNINING GLYCOPROTEIN ANALOGS

To address the issue of the relatively short half-life of
FSH, EPO and GH, the CTP of hCG was fused to the car-
boxyl-terminal of hFSH/ [14] [15], hEPO [16] and to the N-
and C-terminal of human GH [17] coding sequences using
overlapping PCR (Fig.2). Regarding the hTSH, the CTP was
ligated to the C-terminal of g subunit. In addition the hete-
rodimeric structure of hTSH was converted to a single chain
by fusing the carboxyl end of hTSHS subunit to the N-
terminus of a-subunit in the absence or presence of the CTP
sequence as a linker between the subunits (Fig. 3). It was
noted that the N-and C- terminals of the hormones have no
role in receptor binding or bioactivity. Therefore, it was hy-
pothesized that ligation of these ends will not affect receptor
binding or bioactivity. The designed chimeric genes were
sequenced and ligateed into eukaryotic expression vectores.
The plasmids were transfected into Chinese hamster ovary
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Figure 2. Construction of FSH-CTP, EPO-CTP and GH-CTP chimeric genes.
The coding sequence of CTP was ligated to the 3" end of hFSH gene or EPO
cDNA. One or two CTPs to be ligated to the N-terminal or to the C-terminal of
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Figure 3. Construction of hTSH-CTP chimeric gene and single peptide
chains with or without CTP as a linker between the subunits.

cells (CHO) and stable clones secreting the hormones were
selected using selective antibiotics. Selected colonies resis-
tant to antibiotics were harvested and screened for expres-
sion of the hormone. Collected media were concentrated and
the hormones were detected immunoradiometric assay and a
double antibody. Receptor binding was detected by radiore-
ceptor assays. Bioactivity of the hormones was detected us-
ing in vitro and in vivo models.
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IV. BIOACTIVITY OF THE DESIGNED ANALOGS

A. FSH

FSH induces aromatase enzyme in granulosa cells, there-
fore, signal transduction of the modified FSH dimer was as-
sessed in vitro in the granulosa cell aromatase bioassay by
measuring hormone-stimulated estrogen production. The
detected steroidogenic activity of FSH-CTP chimeras was
comparable to that of wild-type FSH. It was observed that
ligation of CTP to the coding sequence of FSHS subunit,
didn’t affect receptor binding affinity or in vitro bioactivity.
The in vivo bioactivity of wild-type FSH and the chimera was
examined by determining ovarian weight augmentation and
granulosa cell aromatase induction. It was found that ovarian
weight increased significantly between animals treated with
wild-type FSH and the FSH chimera. Treatment with FSH
wild-type increased ovarian weight by 2 folds, where treatment
with FSH-CTP increased ovarian weight by 3 folds. In addi-
tion, estrogen production by granulosa cells from chimera-
treated rats increased 3- to 5-fold over that seen in rats treated
with wild-type FSH. FSH-CTP was expressed in LDLD cells,
a CHO cells mutated in the enzymes involved in addition of
O-linked oligosaccharide chains. The results indicated that
FSH-CTP lacking O-linked oligosaccharide have similar
bioactivity of h(FSH-WT (Fig.4).

Because the increased bioactivity of the chimeras may
reflect a change in their in vivo longevity, the circulatory
half-life of the hormones was detected. It seems that the
clearance of the chimera is much slower than that of wild-
type FSH; presumably. RIA determinations show that a high
level of the chimera is still detectable in serum after 24 h and
yet injected wild-type hFSH reaches basal level between 8
and 24 h.

The safety, pharmacokinetics and pharmacodynamics of
FSH-CTP were studies in hypogonadotrophic hypogonadal
male subjects as a phase | in multi-center study. The results
indicated that FSH-CTP use is safe and does not lead to de-
tectable formation of antibodies. Furthermore, pharmacokinet-
ic and dynamic profile of FSH-CTP seemed to be promising.
Compared with recombinant FSH — WT (Puregon), the half-
life of FSH-CTP was increases 2-3 times [18] [19].

Further studies in in vitro fertilization (IVF) patients,
indicated that a single dose of FSH-CTP is able to induce
multifollicular growth comparing to daily injection of FSH-
WT for 7 days [20]. According to the promising results de-
scribed above in clinical trials, on January 28, 2010 the
European Commission (EC) gave Merck & Co. marketing
approval with unified labeling valid in all European Union
Member States for FSH-CTP.

B. TSH

Because of TSH therapeutic potential, a longer acting
analog of TSH was constructed by fusing the carboxyl-
terminal extension peptide (CTP) of hCG/ onto the coding
sequence of TSHS subunit. When co-expressed either with
alpha-subunit complementary DNA or alpha minigene in
African green monkey (COS-7) or in human embryonic kidney
(293) cells, the chimera was fully bioactive in vitro and
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Figure 4. The effect of FSH on the level of estrogen in circulation of hypo-
physectomized rats. Recombinant FSH analogs were produced in CHO or
LDLD cells'. ***P<0/001

exhibited enhanced in vivo potency associated with a pro-
longed plasma half-life. Ligation of the CTP to the C-terminal
of TSHg subunit did not affect the assembly and secretion of
chimeric TSH [21]. Assembly of the glycoprotein hormone
subunits is the rate-limiting step in the production of func-
tional heterodimers [21]. To bypass this problem of dimeriza-
tion of subunits, hTSHSZ and « subunits were genetically
fused in a single chain hormone with or without the CTP as a
linker between the subunits. Single chains of hTSH retained a
biologically active conformation similar to that of the wild-
type heterodimer [22]. Moreover, it was found that the single
peptide chains bind to the receptor with higher affinity and
have higher bioactivity in vivo than the wild-type.

C. Erythropoietin

The CTP was ligated to the coding sequence at the C-

terminal end of EPO. The in vitro biological activity of EPO-
CTP was demonstrated by measuring their ability to stimulate
proliferation of erythroid burst forming colonies (BFU-E)
from human peripheral blood. BFU-E colonies were grown
from blood of healthy donors using a microwell modification
of the methylcellulose technique. The optimal formation of
BFU-E colonies in vitro achieved by EPO-CTP was similar to
that achieved by EPO-WT and rhuEPO using 1 U/ml of the
protein. Receptor binding assay indicated that ligation of the
CTP to the carboxyl-terminal of EPO has no significant effect
on the affinity of the hormone to the receptor.
Further pharmacological evaluation of EPO-CTP, comparative
pharmacodynamic studies of EPO-WT and commercial rhuEPO
were performed in male C57BL mice (n=7/group) using differ-
ent frequencies and wide dose range. The in vivo efficacy was
obtained by measuring the mean values of haematocrit percen-
tage in the blood. The results indicated that EPO-CTP is signif-
icantly (P<0.05) more efficient than EPO-WT when adminis
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tered IV once a week with a dose of 200 mg/kg. EPO-CTP can
successfully increase the haematocrit when administered once a
week with a dose of 660 1U/kg. Once weekly dosing with the
same concentration of commercial rhuEPO or EPO-WT was
significantly (P<0.001) less efficient than once weekly dosing
of EPO-CTP. An interesting observation is the ability of a
single injection once a week of EPO-CTP (660 IU/kg) to in-
crease the levels of haematocrit, whereas the same effect was
achieved by administration of the same total dose of rhuEPO
administered three times a week as 220 1U/kg per injection (Fig.
5).

These results indicated the importance of sustained blood
levels, rather than total dose of EPO. These findings are consis-
tent with the hypothesis that the ability of a single injection of
EPO-CTP to increase haematocrit, results from its increased
stability in the circulation. The increased biopotency of the
chimera may reflect a change in their metabolic clearance in
vivo. Detecting the half-lives of EPO analogs in mice indicated
that a higher level of the chimera is still detectable in serum
after 24 h. The half-life of EPO CTP is increased 2-3 folds
comparing to EPO-WT. These data suggest that the mechanism
of EPO metabolic clearance is affected by the presence of CTP
[16].

D. Growth Hormone

Crystallographic studies indicated that N-terminal and C-
terminal of GH are not important for binding of the hormone to
its receptor. Therefore, CTP was fused to the N-terminal and
C-terminal of hGH. The results indicate that ligation of CTP to
the coding sequence of GH did not affect secretion of the
chimeric protein into the medium. In vivo studies in hypophy-
sectomized rats indicated that, bioactivity and pharmacokinetic
parameters, MRT, AUC, Tmax, Cmax and half-life, of GH
bearing the CTPs were dramatically enhanced. The estimated
half-life of CTP-GH-CTP- CTP is increased by 4-5 folds
comparing to Biotropin. These data suggest that the mechan-
ism of GH metabolic clearance is affected by the presence of
CTP [17]. Clinical trials phase | and phase Il of GH-CTPs
indicated that this peptide is safe for use and clinical trials of
phase Il is in the way.

V. CONCLUSIONS

Ligation of the CTP bearing four sites for O-linked oligo-
saccharide chains to different proteins indicated that the O-
linked glycosylation recognition sites of the CTP are pre-
served. Moreover, this ligation is not involved in secretion,
receptor binding and in vitro bioactivity. However, both the in
vivo bioactivity and half-life in circulation of proteins bearing
the CTP were significantly enhanced. Proteins containing the
CTP could serve as long acting agonists for clinical use. This
strategy may have wide applications for enhancing the in vivo
bioactivity and half-life of diverse proteins. On the Other hand,
converting the hetrerodimeric structure of the hormone to a
single-chain polypeptide chain did not affect receptor binding
affinity and bioactivity. However, this strategy is important for
designing of new analogs of heterodimeric proteins.
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Figure 5. Ability of a single IV injection of EPO-CTP vs 3 IV injections of
rHUEPO to increase haematocrit levels in mice. ICR mice (n=7/group) received
a single 1V injection/week for three weeks of EPO-CTP (660 U/ kg) or wild-
type rHUEPO (220 1U/kg) that were injected IV three times a week for three
weeks. Control animals were injected IV with F-12 medium free of serum.
Blood samples were collected three times a week and haematocrit levels were
detected. Each point represents the group average of haematocrit (%) + SE.
**P<0/01.
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Abstract—In this paper, we propose a method to predict
gene knockout effects for the cell growth by utilizing biological
databases such as KEGG and EcoCyc, in which biological
knowledge and experimental results have been collected. We
construct biological networks from such databases and con-
figure experimental conditions by giving source metabolites,
target metabolites, and knockout genes. We then enumerate all
minimal active pathways, which are minimal subsets of a given
network using source metabolites to produce target metabolites.
We simulate the effects of gene knockouts by measuring
the difference of minimal active pathways between original
networks and knockout ones. In the experiments, we applied it
to predict the gene knockout effects on the glycolysis pathway
of Escherichia coli. In the results, our method predicted three
out of four essential genes, which are confirmed by the Keio
collection containing comprehensive cell growth data obtained
from biological experiments.

Keywords-metabolic pathways; gene knockout; prediction
method; minimal pathway; Keio collection.

I. INTRODUCTION

Living organisms, such as bacteria, fishes, animals, and
humans, are kept alive by a huge number of intracellular
chemical reactions. In systems biology, interactions of such
chemical reactions are represented in a network called a
pathway. Pathways have been actively researched in the
last decade [1]-[3]. In addition, it is a biologically impor-
tant subject to reveal the function of genes, which affect
the phenotype of organisms. For model organisms such
as Escherichia coli (E. coli), it has been approached by
various methods. Constructing gene knockout organisms is
an example of such methods [4]-[6]. However, it generally
involves high costs and is limited by target genes and
organisms.

In this paper, we propose a computation method to pre-
dict gene knockout effects by identifying active pathways,
which are sub-pathways that produce target metabolites from
source metabolites. We particularly focus on minimal active
pathways, which are proposed by Soh and Inoue [7] and do
not contain any other active pathways. In other words, all
elements of each minimal active pathway are qualitatively
essential to produce target metabolites. To predict gene
knockout effects by the enumeration of minimal active

Copyright (c) IARIA, 2012. ISBN: 978-1-61208-190-8
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pathways, we first introduce extended pathways that include
relations between enzymatic reactions and genes. Then, we
formalize the problem of finding minimal active pathways on
the extended pathway with gene knockouts. After computing
the solution of the problem, our method predicts gene
knockout effects by collecting minimal active pathways that
are still active under given gene knockouts.

To evaluate our method, we choose E. coli as our target
organism, since it has been studied and much information
about it is available on public resources. We apply our
method to predict gene knockout effects on E. coli utilizing
biological databases KEGG and EcoCyc, in which biological
knowledge and experimental results have been collected. In
the experiments, we compared our prediction and the cell
growth of every single gene knockout E. coli strain, which
was obtained from the Keio collection [4].

This paper is organized as follows. At first, we explain
databases used in this paper and our research framework
in Section II. We define the extended pathway in Section
III. We formalize the problem of finding minimal active
pathways on the extended pathway in Section IV and the
effect of gene knockouts in Section V. Following that, we
show our computational method in Section VI. In Section
VII, we compare computational prediction and results of
biological experiments. Following discussions in Section
VIII, we conclude this paper in Section IX.

II. USED DATABASES AND RESEARCH FRAMEWORK

This section explains used databases and our research
framework shown in Figure 1. In this paper, we particularly
focus on E. coli. The metabolic pathway has been revealed
by biochemical, molecular, and genetic studies, and E. coli is
the organism in most detail. A large number of E. coli studies
has contributed to several kinds of biological databases. In
particular, we use the following two databases to construct
our input network, called an extended pathway. One is
EcoCyc [8]. It is a bioinformatics database that describes
the genome and the biochemical machinery of E. coli K-
12 MG1655. The EcoCyc project performs literature-based
curation of the entire genome, metabolic pathways, etc.
Specifically, it has been doing a literature-based curation
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from more than 19,000 publications. We construct metabolic
pathways with EcoCyc. The other one is Kyoto encyclopedia
of genes and genomes (KEGG) [9], which is a database
resource that integrates genomic, chemical, and systemic
functional information. In particular, gene catalogs in the
completely sequenced genomes, from bacteria to humans,
are linked to higher-level systemic functions of the cell,
the organism, and the ecosystem. A distinguished feature
of KEGG is that it provides useful application program in-
terfaces (API). We connect enzymatic reactions of metabolic
pathways to genes with this APIL

Figure 1 shows our research framework using the two
databases. At first, we construct our input network called
extended pathway from them. We then construct the problem
of finding minimal active pathways by giving source and
target metabolites to the extended pathway. In addition, the
condition of knockout genes is also added to the problem.
Then, we compute minimal active pathways using source
metabolites to produce target metabolites. In the case of wild
cells, we usually obtain multiple minimal active pathways
including bypass pathways. However, in the case of knock-
out cells, we lose some (or all) of them. In brief, we predict
the effects of gene knockouts from how many pathways are
lost from the case of wild cells.

To evaluate our prediction method, we usually need
additional biological experiments. However, Baba et al.
comprehensively experimented on the cell growth of every
single gene knockout strain [4]. Thanks to this research, we
can evaluate our method with comparative ease. We briefly
explain this research as follows. The E. coli K-12 single gene
knockout mutant set, named Keio collection, is constructed
as a resource for systems biological analyses. Excluding
repetitive genes, e.g., insertion sequences related genes,
4288 protein coding genes are targeted for the systematic
single gene knockout experiments. Of those, 3985 genes are
successfully disrupted, and those of single-gene knockout
mutants are constructed as the Keio collection. On the other
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Comparisons

Used Databases and our Research Framework

hand, 303 genes are not disrupted and they are thought to
be essential gene candidates. Those single gene knockout
mutants have the same genome background, which results in
an advantage for distinct functional analysis of the targeted
gene. The genome-wide relationship between the genome
structure, i.e., genotype, and the phenomena, i.e., phenotype,
which are analyzed by using the Keio collection has become
available.

Although Figure 1 shows specific databases for E. coli, the
research framework itself can be applied for other organisms
whose pathway information is available, e.g., mice.

III. EXTENDED PATHWAYS

In this section, we explain how to represent metabolic
pathways and their relations to genes. We then define the
extended pathway.

To represent metabolic pathways, we commonly use bi-
partite directed graph representation as follows. Let M be a
set of metabolites and R be a set of reactions. For M and
R, MNR=0holds. Let Ay C(Rx M)U(M x R) be a
set of arcs. A metabolic pathway is represented in a directed
bipartite graph Gaq = (M U R, Aps), where M and R are
two sets of nodes, and A,/ is a set of arcs. In addition to the
metabolic pathway, we consider relations between enzymatic
reactions and genes. Let G be a set of genes and A be a
set of arcs such that Ag C (G x R). That is, Ag represents
relations between enzymatic reactions and genes. Let NV be
a set of nodes such that N = M URUG and A be a set of
arcs such that A = Ayr U Ag. Then, the extended pathway
is represented in a directed graph G = (N, A).

Figure 2 shows an example of the extended pathway. As
the figure shows, it consists of two layers: the metabolic
layer and the genetic layer. The genetic layer is the dif-
ference between the metabolic pathway and the extended
pathway. In this example, the pathway consists of nodes
of M = {my,ma,...,me}, R = {ri,ra,...,77}, and
G ={q1,92,---,9s} Each arc represents relations between
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elements. For instance, the activation of the reaction rg needs
the production of metabolites ms and m,4 and the expression
of either g4 or gg. We will explain the interpretation of the
extended pathway in detail in the next section.

IV. MINIMAL ACTIVE PATHWAYS WITH GENE
KNOCKOUTS

In the literature [7], the minimal active pathway is defined
only on the metabolic pathway. On the other hand, in
this section, we define the minimal active pathway on the
extended pathway.

We here define Mg C M as a set of source metabolites
and Mp C M as a set of target metabolites such that Mg N
My = 0. An extended pathway instance is represented in a
four tuple m# = (N, A, Mg, Mt), where N = M U RUG,
A = ApUAg. Let K be a set of genes such that K C G.
We use K as a set of knockout genes in a given pathway.
A knockout instance is represented in a five tuple mx =
(N,A, Mg, M7, K).If K ={ then m corresponds to 7.

Let m, r be a metabolite and a reaction such that m € M
and r € R, respectively. A metabolite m € M is called a
reactant of a reaction € R when there is an arc (m,r) €
A. On the other hand, a metabolite m € M is called a
product of a reaction r € R when there is an arc (r,m) € A.
Furthermore, a gene g € G is called a corresponding gene
of a reaction » € R when there is an arc (g,7) € A.

A reaction is called a reversible reaction if it can occur
in both directions between reactants and products. In this
paper, we distinguish a reversible reaction as two reactions.
Suppose that there is a reversible reaction 7; that has m;
and my as reactants and mg and my as products. In this
case, we split the reaction r; into two reactions 71, and 713
such that one of them has m; and mo as products and mg
and m, as reactants.

Let s : R — 2 be a mapping from a set of reactions
to a power set of metabolites such that s(r) = {m €
M | (m,r) € A} represents the set of metabolites that are
needed to turn the reaction r activatable. Let p : R — 2M be
a mapping from a set of reactions to a power set of metabo-
lites such that p(r) = {m € M | (r,m) € A} represents
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the set of metabolites that are produced by the reaction r.
Let ¢ : R — 2% be a mapping from a set of reactions to a
power set of genes such that ¢(r) = {g € G | (¢9,7) € A}
represents the set of genes that are corresponding genes of
the reaction 7. Let p' : M — 27 be a mapping from a
set of metabolites to a power set of reactions such that
p'(m) ={r e R| (r,m) € A}. Let ¢ : G — 2F be a
mapping from a set of genes to a power set of reactions
such that ¢’(g) = {r e R | (g9,7) € A}.

Let ¢ be an integer variable representing time. In this
paper, the time is used to represent order relation between
reactions to produce target metabolites from source metabo-
lites. In the following, we explain important notions related
to production of metabolites, activation of reactions, and
expression of genes. Since we focus on gene knockouts,
we suppose that almost all genes exist in the cell of a given
organism. We also suppose that if genes exist, then they
are expressed and available to construct enzymes needed for
enzymatic reactions. The reason for this condition is that we
want to simulate how the lack of corresponding genes affects
metabolic pathway rather than how the existence of genes
affects other elements. Although our pathway modeling is
simple, it allows us to analyze a whole cell scale pathway.
Let 7 = (N,A, Mg, Mrp,K) be a knockout instance,
where N = MURUG, A=Ay UAg. Let G = (N, A)
be an extended pathway. Let M’ C M be a subset of
metabolites. A metabolite m € M is obviously producible
at time ¢ = 0 from M’ on G if m € M’ holds. A
reaction r € R is activatable at time t > 0 from M’ on
G if the following two conditions are satisfied: (i) for every
m € s(r), m is producible at time ¢t — 1 from M’, (ii) at
least one corresponding gene g € ¢(r) is not included in K.
A metabolite m € M is producible at time ¢ > 0 from M’
on G if there is at least one activatable reaction r at time ¢
such that m € p(r). If r is activatable at time ¢, then r is
activatable at time ¢ + 1. If m is producible at time ¢, then
m 1is producible at time ¢ + 1.

Let G/ = (N, A’) be a sub-graph of G, where N’ =
M'UR' UG’ and A’ = A); U A[,. Then, an active pathway
of rg = (N, A, Mg, M, K) is defined as follows.

Definition 1: Active Pathway of Knockout Instance
A bipartite directed graph G’ is an active pathway of 7y if
it satisfies the following conditions:

o« My C M !

e M'=MsU{meM]|(mr)CAreR} U {me

M| (r,m)C AreR}
e A ={(m,r)e A|lreR} U {(rrm)eA|rce
R}y U {(g,r) e Al g ¢ K,re R}

e @ ={9eG|(g9,r)eA,reR}

o For every m € M’, m is producible from Mg on G’

From Definition 1, active pathways include a set of
metabolites, reactions, and genes, which are producible and
activatable from Mg on G’ such that all target metabolites
Mr become producible. The number of active pathways
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depends on the combination of Mg and M but an extended
pathway generally has a large number of active pathways.
We thus particularly focus on minimal ones rather than active
pathways. We give the definition of minimal active pathways
of 7y as follows. Let G and G’ be extended pathways. We
say that G is smaller than G’ and represented in G C G’ if
R C R'. An active pathway G is minimal active pathway of
mr iff there is no active pathway of 7g, which is smaller
than G. As this definition shows, we only need to see sets of
reactions to compare two pathways. Thus, in the rest of this
paper, we sometimes represent a minimal active pathway as
a set of reactions.

Any reactions included in a minimal active pathway
cannot be deleted to produce target metabolites. Intuitively,
this indicates that each of the elements of a minimal active
pathway is essential. In practice, minimal active pathways
including a large number of reactions are considered to be
biologically inefficient. We thus introduce a time limitation z
and pathways that can make all target metabolites producible
by t = z. In the following, we consider the problem of
finding minimal active pathways with respect to 7z and z.

V. KNOCKOUT EFFECTS

This section provides how to predict knockout effects. In
the following, we give some definitions for the prediction.
Let m = (N, A, Mg, My) and 7 = (N, A, Mg, My, K)
be an extended pathway instance and a knockout instance,
respectively. In addition, we denote the number of minimal
active pathways of 7 as || and the number of minimal active
pathways of mx as |7k |. Obviously, || < || holds. Then,
the gene knockout effect, i.e., the prediction by the proposed
method, is given by Fx = |rr|—|7k|. Let K, and K, be sets
of knockout genes. If Ex, > Ef, holds, then we say that
the gene knockout effect of K, is stronger than that of K.
If |mx| =0, i.e., Ex = |r|, then we say that the knockout
effect of K is critical to produce target metabolites. Various
metabolites are known as vital metabolites, which means
organisms cannot survive without them. That is, if some
gene knockouts are critical to produce such metabolites, then
a given organism cannot grow any more or dies. If |K| =1
and its effect is critical to produce vital metabolites, then
we say that the gene g € K is essential.

In the following, we explain the above definition with
a specific example. Suppose that we are given a path-
way instance m = (N, A, Mg, Mrp), where N and A
are from the extended pathway shown in Figure 2, and
the source metabolite is Mg = {m;} and the target
metabolite is My = {mg}. Obviously, |r| = 3 and the
minimal active pathways of 7w are specifically as follows:
{ry,rs, 7}, {ra,r3, 76,77}, {r2, 74, 76,77 }. Then, we con-
sider the following knockout instances mg, and 7g,, where
K1 = {¢1} and Ky = {g¢}. For mg,, minimal active
pathways including r; can no longer be solutions, i.e.,
|7k,| = 2. For 7g,, minimal active pathways including
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r¢ can no longer be solutions either. Thus, {ra,r3, 76,77}
and {ry,r4, 76,77} are deleted from the solutions of , i.e.,
|7k,] = 1. Consequently, we can say that the knockout
effect of K is stronger than that of K;. Moreover, suppose
that K = {g7}. Then, there is no minimal active pathway
of mx and we say that the knockout effect of K is critical
to produce mg. If mg is a vital metabolite, we can simulta-
neously say that g; is an essential gene.

In addition to the number of remaining minimal active
pathways after knockouts, an important factor in the pre-
diction is the gain of ATPs. This is because pathways that
are inefficient with respect to energy consumption will not
be used in organisms. Let |79F|, [7%"| be the number of
minimal active pathways of 7 and 7x, which gain ATPs,
respectively. Then, the gene knockout effect with respect
to ATP production is given by E%T = |79t — [7%F]. In
particular, it is important when we consider the glycolysis
pathway since one of its main functions is to gain ATPs.
However, we cannot find any pathways producing ATPs on
some other pathways, i.e., minimal active pathways on them
must consume ATPs. In this case, the number of minimal
active pathways, which consume fewer ATPs, should be
considered instead of |72F| and |7%"|.

VI. COMPUTATIONAL METHOD

This section explains how to compute |7g|. In this
paper, we use the method of computing all minimal active
pathways of m proposed by Soh and Inoue [7]. This method
computes pathways through propositional encoding and min-
imal model generation. An advantage is that this method
is flexible for adding biological constraints. Moreover, we
can utilize SAT technologies, which have been developed
actively in recent years.

In the following, we briefly explain the propositional
encoding to compute minimal active pathways of m. Let
1, j be integers denoting indices for metabolites and reac-
tions. Let ¢ be an integer variable representing time. Let
m = (N,A, Mg, Mr) be an extended pathway instance,
where N = MURUG, A= Ay UAg. We introduce two
kinds of propositional variables. Let m;, be a propositional
variable, which is ¢rue if a metabolite m; € M is producible
at time ¢. Let v}, be a propositional variable, which is true
if a reaction r; € R is activatable at time .

The encoding of the problem of finding minimal active
pathways with respect to mx and z is as follows.

_ * *
1 = /\ /\ (mi,tﬁmi,tﬂ)
0<t<zm;,eM
_ * *
ve= N\ N\ =)
0<t<zr;eR
* *
L A AN L PR AN
1<t<zr;ER m;Es(ry)
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* * *
My — M1V Tj,t
m; €(M\Mg) 1<t<z 7‘j€pl('mi)

g = /\ m;o A /\ —m;
m;EMs m; €M\ Mg

¢7 - /\ m; .
mi;EMr

The formulas v; and 1), represent that once a metabolite
(or a reaction) is made to producible (or activatable), then it
remains in the producible (or activatable) state. The formula
13 represents that if a reaction 7; is activatable at time ¢ then
its reactants must be producible at time ¢ — 1. The formula
14 represents that if a reaction 7; is activatable at time ¢
then its products must be producible at time ¢. The formula
15 represents that if a reaction m; is producible then either
two states hold: the metabolite m,; is producible at ¢ — 1
or at least one reaction r; is activatable. The formulas g
and 17 represent source metabolites and target metabolites.
We denote the conjunction of i1, ...,17 as V.. Then, we
can enumerate minimal active pathways with respect to mx
and z by computing minimal models of ¥, with respect to
VZ={r; |ri € R}.

The computation for 7 is always needed to compare a wild
cell and its mutant. We thus explain a method to compute all
minimal active pathways of mx for a set of knockout genes
K. Actually, when the minimal active pathways of 7 are
obtained, we do not need much additional computation. All
minimal active pathways of mx are obtained by selecting
pathways that do not contain some r € Rk, where R =
{r € d(g9) | g € K}. The procedure is given as follows:
(1) enumerate all minimal active pathways with respect to 7
and z, (ii) delete minimal active pathways including some
r € Rg, where Rg = {r € d(g9) | g € K}. As well
as the above procedure, there is another way to compute
all minimal active pathways with respect to mx and z. The
same is achieved by adding constraints, which inhibit the
activation of each reaction in Ry, to the formula W, .

VII. EXPERIMENTAL RESULTS

This section provides experimental results. At first, we
describe experimental conditions. Then, we show the results
of our prediction of knockout effects for glycolysis and
amino acids biosynthesis.

A. Experimental conditions

We constructed extended pathways from EcoCyc [8]
and KEGG [9]. Specifically, we use EcoCyc to construct
metabolic pathways, which consists of 1222 metabolites
and 1920 reactions. Moreover, we use KEGG to construct
relations between enzymatic reactions and genes. In the
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following experiments, the entire extended pathway is con-
structed from these two databases. Each experiment has been
done using a PC (3.2GHz CPU) running on OS X 10.6. For
computation, we use a SAT solver Minisat2 [10]. Koshimura
et al. proposed a procedure computing minimal models with
SAT solvers [11]. We follow their procedure to generate
minimal models by using a SAT solver.

To evaluate our method, we use the Keio collection as is
described in Section II. In particular, we use their results on
the MOPS medium whose main nutrient is glucose. Since
these comparative data are obtained from every single gene
knockout, in the following, we basically consider that the
set of knockout genes K consists of one gene. Moreover,
in the Keio collection, if a cell growth is less than 0.1 or
not applicable (N.A.) then we say that the cell is strongly
affected by a gene knockout.

B. Results for Glycolysis Analysis

First, we analyze the glycolysis pathway of E. coli. In ac-
cordance with the MOPS medium of the Keio collection [4],
we choose source metabolites as follows: (3-D-glucose-6-
phosphate, HT, H,O, ATP, ADP, phosphate, and NAD™. In
addition, pyruvate is given as the target metabolite to analyze
glycolysis.

We then compute all minimal active pathways from the
entire metabolic pathway of E. coli. As we can see in
biological literature such as the work of Ferguson et al. [12],
glycolysis is known to a pathway constructed by eight steps.
However, if some reactions are disabled, then E. coli is ex-
pected to use other bypass pathways by additional reactions.
In this experiment, we thus give z = 12. Moreover, the
number of reactions included in each pathway is limited to
less than or equal to 12.

At first, we computed all minimal active pathways using
the above conditions and obtained 75 minimal active path-
ways. We then connected 61 genes to reactions included in
them by API on KEGG. Next, we computed minimal active
pathways of for each gene knockout. This experiment was
done within four seconds. Figure 3 shows the results of 61
gene knockouts. The x-axis denotes each gene knockout and
the y-axis denotes the number of minimal active pathways.
As is shown in the figure, we compute minimal active
pathways of 7k, ..., Tk, such that K; = {b4025}, Ky =
{b0963}, ..., K1 = {b2464}. However, since some of the
61 genes construct isozymes, such single gene knockout
K; does not affect the number of minimal active pathways
|7k, |- However, for reference, we compute the effect of the
gene knockouts that disables all of them. For instance, b2133
and b1380 construct isozymes. In this case, the number
of minimal active pathways in the figure shows the case
of the gene knockout of both b2133 and b1380. For each
gene knockout, we computed the gain of ATP in each
minimal active pathway, which is calculated by counting the
number of both reactions with the coefficient of ATP: ones
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Figure 3. The Number of Minimal Active Pathways for each Gene Knockout on Glycolysis

consuming ATP and the other ones producing ATP. Minimal
active pathways that produce the positive number of ATPs
are more important than the others because producing ATP
is a main function of glycolysis.

From the figure, we can see that E. coli keeps almost all
minimal active pathways even by more than half of single
gene knockouts. This is considered to indicate the robustness
of E. coli. However, some gene knockouts dramatically
reduce the number of minimal active pathways. In particular,
the single gene knockouts of bl779, b2926, and b2779
destroy all minimal active pathways producing ATPs. Thus,
they are predicted to strongly affect the glycolysis of E. coli.

To evaluate the above predictions, we compare them
with the Keio collection. Table I compares the first 11
gene knockouts regarding the number of lost minimal active
pathways. Column 1, Gene ID, shows identifiers of genes
other than wild, which denotes an empty set of knockout
genes, e.g., K = (). Other rows denote the result of single
gene knockout. Column 2, Total, shows the total number
of minimal active pathways, i.e., |7k,|. Columns 3 to 6
show the number of minimal active pathways, each of
which denotes the gain of ATPs. Column 7, MOPS24hr,
and Column 8, MOPS48hr, show the cell growth of E. coli
after 24 hours and 48 hours, respectively. Note that N.A.
(not applicable) refers to essential genes [4].

As the first row of Table I shows, we found 14 minimal
active pathways that produce the positive number of ATPs
on the wild cell of E. coli while there are 75 in total.

Distinguished single gene knockouts are Kg = b1779,
Kip = b2926, and K;; = b2779. Each gene knockout
effect with respect to ATP production is Ef = Eff =
E}?; = 14 and it is the strongest gene knockout effect with
respect to ATP production, which is the important function
of glycolysis. For this prediction, the Keio collection shows
“N.A” for each gene knockout. Thus, in glycolysis, our
predictions successfully agree with the results of the Keio
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Table 1
11 SINGLE GENE KNOCKOUTS FOR GLYCOLYSIS

# of Minimal Active Pathways Keio Collection [4]
Gene I poryy | ATP Galn —-| MOPS2hr  MOPS4shr
wild 75 1 4 10 15 46 | 0.219-0.392  0.216-0.480
b4025 20 | O 2 3 15 0.137 0.542
b0963 27 | 4 10 8 5 0.293 0.371
b2133¢ 27 | 4 10 8 5 0.303 0.366
b1380¢ 27 | 4 10 8 5 0.357 0.393
b2615 41 | 4 8 10 19 N.A. N.A.
b2465° 46 | 4 8 11 23 0.311 0.315
b2935° 46 | 4 8 11 23 0.317 0.327
b1779* 47 | 0 0 7 40 N.A. N.A.
b1852 49 | 4 8 12 25 0.231 0.223
b2926%* 50 | O 0 7 43 N.A. N.A.
b2779* 50 | O 0 7 43 N.A. N.A.
Table II

CRITICAL GENE KNOCKOUTS FOR AMINO ACIDS BIOSYNTHESIS

. Keio Collection [4]
Gene ID Unsynthesized Target MOPS24hr — MOPS4Rhr
wild - 0.219-0.392  0.216-0.480
b2153 MET N.A. N.A.
VAL, LEU, THR, ILE,
b2615 LYS. MET N.A. N.A.
b0004 THR 0.000 0.000
b0003 THR 0.004 0.010
b3870 TRP, MET 0.005 0.015
b2329 TRP, PHE, TRP 0.009 0.020
b2838 LYS 0.012 0.021
b3389 PHE, TRP, MET 0.010 0.032
b0074 LEU 0.026 0.034
b3177 MET 0.283 0.293
b4019 MET 0.357 0.509
collection.

On the other hand, our method predicted that there are still
minimal active pathways that produce the positive number
of ATPs after the single gene knockouts of b4025, b0963,
and b1852. Those remaining pathways are supposed to be
used as bypass pathways. For instance, b4025 encoding
glucosephosphate isomerase gene of glycolysis pathway that
transfer D-glucose 6-phosphate to D-fluctose 6-phosphate.
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However, pentose phosphate pathway is available as a bypass
pathway from D-glucose 6-phosphate, resulting in the gene
knockout slow-growth at starting MOPS24hr and same level
of wild cell final growth at MOPS48hr. Moreover, the
knockouts of b2133, b1380, b2465, and b2935 do not affect
to the cell growth since they construct isozymes.

The single gene knockout of b2615 is different to the
above gene knockouts. Our method predicts that this knock-
out does not affect the cell growth in terms of glycolysis.
However, the Keio collection shows that this is an essential
gene for E. coli. One assumption is that it affects other
functions in the cell. In relation to this, we have additional
experiments for amino acid generation in Section VII-C.

C. Results for Amino Acids Generation

We also applied our prediction method to predict gene
knockout effects of the cell growth in terms of amino acid
biosynthesis. Since we want to involve more genes for
our prediction, we particularly focus on essential amino
acids for humans, whose synthesis needs more reactions
than others. In the experiments, we separately constructed
pathway instances, each of which consists of the following
eight amino acids as a target metabolites: L-valine (VAL), L-
leucine (LEU), L-phenylalanine (PHE), L-isoleucine (ILE),
L-threonine (THR), L-lysine (LYS), L-tryptophan (TRP)
and L-methionine (MET). In addition, to produce the
above amino acids, we added the following metabolites
to the source metabolites used in the glycolysis analysis:
coenzyme-A and sulfite. For each of the eight amino acids,
the computation time is on average 255 seconds and the
longest computation time is 877 seconds.

In contrast to the result of glycolysis, we found there are
11 single gene knockouts that destroy all minimal active
pathways without the limitation of z. That is, no pathway
can synthesize each target on the entire metabolic pathway of
E. coli with those single gene knockouts. Obviously, they are
predicted to be critical to produce each amino acid. Table II
shows the cell growth of Keio collection. Column 1, gene ID,
shows knockout genes predicted as critical by our prediction.
Column 2, unsynthesized target, shows target amino acids,
which cannot be synthesized with the knockout of the gene
in Column 1. Columns 3 and 4 show the cell growth of E.
coli after 24 hours and 48 hours, respectively. At first, the
gene knockout of b2615 is predicted as critical for the cell
growth in terms of six amino acids biosynthesis. This result
is also supported by the Keio collection. We thus consider
the essentiality of b2615 to be caused by its knockout effect
in amino acids biosynthesis rather than glycolysis. Table II
also shows that our method predicts that no way to produce
target metabolites with each single gene knockout: b0004,
b0003, b3870, b2329, b2838, b3389, and b0074. However,
the Keio collection shows that E. coli survives with very
low cell growth. One explanation for the results is that they
are suspected to keep living by consuming unsynthesized
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amino acids from other individual cells. In this case, since
the amino acids cannot be sustainably produced, those genes
are recognized to be approximately essential for E. coli.
Furthermore, the result of the Keio collection shows that
the knockouts of b3177 and b4019 are not critical, although
our method predicts them to be critical. We have detailed
discussions on these gene knockouts in the following section.

VIII. DISCUSSION AND RELATED WORK

This section provides detailed discussion about the dif-
ference of our prediction and the cell growth of the Keio
collection. Figure 4 shows the glycolysis pathway obtained
from KEGG [9]. Each enzyme label is replaced to its
corresponding gene identifier. The figure also shows four
essential genes in terms of the glycolysis pathway confirmed
by the Keio collection. Our method predicted three out of
four essential genes. However, b2925 is not expected to be
critical for the cell growth since the gene knockout cell keeps
almost all minimal active pathways that gain ATPs even if
we delete both b2097 and b2925. Specifically, the knockout
lost only four minimal active pathways that gain one ATP
(see Figure 3). Thus, two hypotheses come up. One is that
the four lost minimal active pathways are the most important
pathways in glycolysis. The other is that the essentiality is
caused by the breakdown of other cell functions, similar to
the case of b2615. Exploring this issue is a future topic.

The difference between b3177 and b4019 in terms of
amino acid biosynthesis also introduces interesting is-
sues. At first, we consider b4019, which constructs an
enzymatic reaction methionine synthase. Its conversion
is as follows: 5-methyltetrahydrofolate + L-homocysteine
= tetrahydrofolate + L-methionine. In both KEGG and
EcoCyc databases, there are two alternative reactions
and their corresponding genes to the above reaction and
b4019. A reaction S-adenosyl-L-methionine uses S-methyl-
L-methionine instead of 5-methyltetrahydrofolate. On the
other hand, a reaction 5-methyltetrahydropteroyltriglutamate
uses S-methyltetrahydropteroyltri-L-glutamate. However,
both metabolites cannot be synthesized from the source
metabolites. Specifically, S-methyl-L-methionine can be
synthesized only from methionine, which is the target amino
acid, and there is no reaction in the metabolic pathway of
EcoCyc that can synthesize 5-methyltetrahydropteroyltri-L-
glutamate. The gene b3177 is on folate biosynthesis and
there is no alternative in the databases. Two hypotheses
are as follows: there are unknown complementary genes,
or there are unknown bypasses. For the above issues, we
need to do more research on more databases and literature.

There are several researches on metabolic pathway anal-
yses. Schuster ef al. proposed a method called elementary
mode analyses [13]. They focused on metabolic flux dis-
tributions corresponding to sets of reactions in metabolic
pathways. A different point from our method is that their
approach needs to define source metabolites strictly with a
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Figure 4. Glycolysis Pathway of E. coli K-12 MG1655 from KEGG [9]

fixed amount that must be consumed in flux. In contrast,
our method treats them as candidates that will be utilized;
thus, we can flexibly give source metabolites. Handorf et
al. proposed the inverse scope problem [14]. This is the
problem of finding necessary source metabolites from target
metabolites. The two differences between their problem and
our proposal are as follows. One is that they only computed
the cardinality minimal solution. Unlike their approach, we
can generate subset minimal solution by minimal model
generation. Another one is that each of their solutions
includes all reactions, which are activatable from source
metabolites needed to generate target metabolites. For in-
stance, if there are two ways to produce a metabolite from
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source metabolites then both are mixed in one solution, that
is, we cannot distinguish between them. On the other hand,
our method can distinguish between the two ways, and we
think that it is important to identify functionally minimal
active pathways. Schaub and Thiele applied answer set
programming (ASP) to solve the inverse scope problem [15],
while we use propositional encoding and minimal model
generation to compute minimal active pathways.

IX. CONCLUSION AND FUTURE WORK

In this paper, we propose a method to predict the knockout
effect by enumerating minimal active pathways. We formal-
ize the extended pathway and show the definition of minimal
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active pathways on it. In addition, we present a computation
method for the prediction. An advantage of our method is
that it allows us to trace the reason for the prediction results,
e.g., we can suggest the reason for the essentiality of three
genes in the glycolysis pathway. This is an important feature
that other methods do not have.

In the experiments, we applied our method to extended
pathways of E. coli and made comparisons using the Keio
collection. For the prediction of the knockout of 61 genes
in the glycolysis pathway, our method predicted three es-
sential genes, which correspond to the results of the Keio
collection. Moreover, we found two essential genes and nine
approximately essential genes in amino acids biosynthesis.
However, for the knockout of b2925, b3177, and b4019,
our prediction indicated different results from the Keio
collection. Revealing the reason for this difference is a future
work. Moreover, we plan to evaluate the efficiency of the
computation method and compare it with other methods.
Although we treat relations between genes and enzymatic
reactions that have one-to-one relations, we intend to extend
them to relations that are more complex such as multiple
relations and consider interactions among genes. Following
that, we plan to apply our method to other organisms such
as mice. In addition to E. coli, mice are well known model
organisms for human study, and information available on
them has been accumulated in the last decade. In particular,
chromosome substitution strains are used to reveal the func-
tion of genes [16]. In addition to gene knockouts, we could
adapt our method to such strains. Although there is a large
difference between E. coli and mice, the basic metabolism
is same. This fact tells us that our method can also be a
potential prediction method for mice.
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Abstract—Cryoablation for the treatment of cardiac arrhyth-
mias inactivates the electrical conduction of arrhythmogenic
tissue by freezing. This method has major advantages but also
disadvantages compared to radiofrequency ablation. Modeling
and simulation of the cryoablation process can be used to
reduce the intervention duration and optimize the cryoablation
result. In this work, different variants of cryo loops are
modeled and simulated using the Finite Element Method. As
the wall of the applicator tube has the same thickness in all
dimensions the ablation efficiency in tissue direction is reduced
by the heating flux of the streaming blood surrounding the
applicator. The effects of different insulation layers in blood
direction are compared by using heat flux estimations on
stationary temperature distributions. As the applicator tube
and the insulation layers consist of different fiber materials,
anisotropic thermal conductivity is considered in the models.
The estimation of thermal longitudinal and transversal conduc-
tivity values by a material modeling approach is presented in
detail. It is concluded that insulation layers can have positive
and unexpected negative effects depending on the insulation
position.

Keywords-cryoablation; loop applicator; finite element method;
heat flux; anisotropic thermal conductivity

I. INTRODUCTION

Ablation as treatment for cardiac arrhythmias has been
established as a method of choice whenever medical treat-
ment fails or cannot be applied [1]. In this minimally
invasive procedure, an applicator is inserted via a sheath
through either the femoral artery or vein, or through the
subclavian artery into the right or left heart’s chambers (atria
or ventricles) with X-ray guidance. The aim of ablation
techniques in the treatment of cardiac arrhythmias is the
electrical inactivation of the arrhythmogenic tissue either by
heating (radiofrequency ablation) or freezing (cryoablation).

Radiofrequency (RF) ablation has become the gold stan-
dard of the catheter-based approach to tachyarrhythmia
ablation [2]. In the late 1990s, catheter-based cryoablation
became available as alternative to RF ablation [3]. Cryoab-
lation enables the creation of an elongated lesion in one
single ablation (freeze) cycle by using a loop applicator. An
additional advantage is the application of ice mapping. This
technique enables the cardiologist to temporarly inactivate
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the electrical conduction of small areas of cardiac tissue
to test ablation scenarios by cooling to mild temperatures.
Another advantage of cryoablation is that it leads to less
endothelial disruption than RF ablation [3].

Disadvantages of cryoablation are (i) a higher recurrence
rate [4] due to the possible reactivation of the elecrical con-
ductivity, and (ii) a longer intervention duration compared
to RF ablation [1].

To improve the efficiency of cryoablation and thus re-
ducing the previously mentioned disadvantages, modeling
and simulation of the cryoablation process contributes a
better understanding of the freezing effects. Seger et al. [1]
published a model to simulate the effects of cryoablation
mimicking the geometry of a loop shaped cryo-applicator
as shown in Figure 1. Such a loop shape applicator enables
the creation of a circumferential elongated lesion (approx. 7
cm length) around vessel structure. It can be applied in pul-
monary vein ablation for the treatment of atrial fibrillation.

Only a part of the cooling power delivered by the refrig-
erant is withdrawn from the target tissue. A significant part
of the cooling power will create a therapeutically unrelevant
heat flow from the circulating blood stream to the cryo-
applicator (Figure 1c). Thus, heat exchange between the
refrigerant and the blood is considered an undesired loss
of cooling power. The spatial limitations imposed by human
anatomy onto the construction of catheters also limit the
amount of refrigerant which can be used. Efficient use of
the refrigerant is therefore crucial. The major scope of this
simulation study is to investigate the effect of insulation
layers assembled onto elongated cryo-applicators built from
fiber reinforced polymers.

In this work, three applicator variants are presented (with-
out insulation, inner insulation, outer insulation). The cool-
ing flux profiles of these variants are compared with each
other by creating two dimensional models of the applicators’
cross sections. These cooling fluxes are estimated using
stationary temperature distributions calculated by the Finite
Element Method (FEM).

For realizing mechanically stable loop applicators the ma-
terial of the applicators consists of carbon fibers embedded
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Figure 1.

Loop applicator.
(a) Photo of active loop applicator in water (ablation loop partially surrounded by ice).
(b) Position of loop applicator inside the left atrium during cryoablation.
(c) Schematic illustration of applicator loop in left atrium with cross sectional cutthrough demonstrating tissue direction (blue) and blood direction (red)
used in the models of Figure 5.

in a silicone matrix. These carbon fibers are spirally wound
to form the applicators tube. The insulation layers consist of
quartz fibers surrounded by a silicone matrix to withstand
mechanical stress. The different thermal conductivities of
these materials need to be considered in order to create a
representative temperature distribution within the applicator.
Therefore, the anisotropic conductivity parameters, longitu-
dinal and transversal thermal conductivity, are estimated in
this work for these fiber materials and considered with regard
to the fiber orientation in the applicator variants.

In Section II, the mathematical background for the
computation of the stationary temperature distribution and
anisotropic conductivity parameters is explained and the esti-
mation of the thermal flux to allow comparison of applicator
variants is derived. Section III compares the thermal flux
properties of the applicator variants, which are discussed in
Section IV.

II. METHODS

In this section, the heat diffusion equation used for the
computation of the stationary temperature distributions is
described. Subsequently the computation of the parameters
of the anisotropic thermal conductivity is explained in detail.

A. Simulation of Stationary Temperature Distribution

For the models presented in this work, the general heat
diffusion equation (1)

-V k(r)V[T(r)] = Qr(r)’ (D

has been used to simulate the stationary temperature distri-
butions [5].

The space dependent parameter k& [Wm~1K~1] repre-
sents the thermal conductivity; r holds the cartesian coor-
dinates = and y [m] in two dimensional models; T is the
unknown stationary temperature [K]; @, defines the power
contribution of distributed volumetric heat sources due to
externally applied spatial heating/cooling [Wm=3]; and Q

re)
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(b)
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denotes the analyzed spatial domain. @, is set to O in the cur-
rent models as the heating/cooling of tissue is integrated into
the model by following two types of boundary conditions:
Dirichlet boundary conditions define known temperatures at
the related boundaries. Cauchy boundary conditions were
used to model the thermal flux of blood/tissue (heating)
and the refrigerant (cooling). The thermal flux induced by
Cauchy boundary conditions is defined as [1]

0Q(r)
Onr(r)

and depends on the difference between the boundary surface
temperature 71" and the external Temperature 7. Q is the heat
power [W], « the heat transition coefficient [Wm=2K 1],
I' the boundary line and nr the outward normal to T'.
Additionally, homogenous Neumann boundary conditions
were used at the symmetry boundaries of the models.

For the numerical computation the analyzed spatial do-
main is discretized, boundary conditions are applied and the
model is solved using the Finite Element Method (FEM).
Simulations for cryoablations using loop applicators have
been performed similarly by [1]. In a first approximation,
the creation of an elongated lesion can be modeled by an
essentially cylindrical geometry. Thus, the cross section of
the cryo-applicator tube is a two-dimensional plane, which
is considered in this study.

= a(r) - [T(r) = T(r)]; @

B. Estimation of Thermal Longitudinal and Transversal
Conductivity of Anisotropic Materials

At a macroscopic scale it is not possible to consider each
single fiber embedded in the polymeric matrix of the tubing.
Thus, we first estimate average material properties along
and across the fibers assuming that the essentially parallel
fibers are arranged in a regular pattern. The applicator tube
modeled in this study consists of carbon fibers surrounded
by a silicone matrix (Figure 2).
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Figure 2. Sketch of the fiber material of the applicator tube. The
material consists of equally distributed carbon fibers (red) surrounded by
a silicone matrix (green). The red rectangle indicates analyzed domain for
the evaluation of thermal transversal conductivity (see Figure 3).

T ::::o.o.o. s ’
H3H

For a proper evaluation of the stationary temperature
distribution, the thermal longitudinal and transversal conduc-
tivity must be calculated. The average thermal longitudinal
conductivity k; is computed by a weighted average of both
the fiber (k) and the matrix material thermal conductivities

(km) (3):

3

py defines the volumetric density (0 < py < 1) of fiber
in the material.

The thermal transversal conductivity was computed by
generating a triangular mesh (Figure 3a) of the area within
the red rectangle depicted in Figure 2. This area is sufficient
for the computation of the thermal transversal conductivity
because it represents the repetitive pattern for the cross
section of the fiber material. The geometry of the simulated
area was determined from the diameter of the carbon fibers
(7 pm) and the volumetric density of carbon fibers in the
material (py = 0.6).

To generate the model depicted in Figure 3a by using the
fiber radius 7 and the fiber density in the material ps the area
covered by fiber A (area of a semicircle) can be calculated
by (4)

ki=ps-kp+(1=pg)-km

“

By using the known fiber density of the material, the
simulation area A; was computed as follows (5):

_ Ay
Dy

The height h is exactly the half of the diagonal of the
model d. The parameter d describes the spatial difference
between the centers of two neighboring fibers. As depicted
in Figure 2 the height h (see left boundary of red rectangle
indicating the simulated area) is exactly half the distance
from the centers of the top fiber to the next fiber directly
beneath of it. Using the Pythagorean theorem and defining
that d = 2h, the relation between the width w and height h
can be calculated by (6)

As &)
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w=/d? — h2 = \/4h? — h2 = \/3h. (6)

The product of width w and height h results in the size
of the simulation area A,. Therefore the width w can be

determined by (7)
=1/V3A,. (7
h w

Summarized the width w and height h of the model can
be calculated by (8)

A V3BA,

w= @7 e (8)
2-py V3

Note that the mesh was created by using the software
package Altair HyperMesh 10 (Altair Eng. Inc.) and for the
visualization of the models AmiraDev 3.0 (TGS Template
Graphics Software, Inc.) was used.

Using the result of the stationary temperature distribution
of the model as shown in Figure 3b the average thermal
transversal conductivity k; can be estimated. The sum of
heating power () at the bottom of the model is defined as
follows:

g

Q="F AT-

Q= l/F E(r

where w and h are the width and height of the simulated
area; [ is the length of the fictive model volume in z-
direction; AT is the temperature difference between the top
and the bottom boundary (as Dirichlet boundary conditions
were used +1°C' at the top and —1°C' at the bottom bound-
ary of the model); I'; is the lower boundary of the model;
n, is the outward normal at T, (n, = (0 —1)T). After
assigning the thermal properties of Table I the stationary
temperature distribution was computed (Figure 3b).

Equation (9) is used to calculate the power Q with known
transversal conductivity k.. This equation was derived from
the thermal resistance R defined by the ratio of temperature
difference AT and the heating power Q at the bottom of
the model depicted in Figure 3:

AT
Rzi.

Q

Furthermore, R represents the inverse of the average
thermal transversal conductivity k. After substituting R by
(k;)~! and rearranging (11) Q can be expressed by (9).
Since the heat power Q is proportional to the width w and
length [ and inversely proportional to the height A of the
model, the factor w-l/h was added.

As the transversal conductivity k; is unknown, (10) was
used to estimate () with known stationary temperature
distribution [5][6].

, and )

~—

-VT(r)nydr, r € T (10)

(1)
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Figure 3.
carbon fiber density of 60 % and carbon fiber diameter of 7 pm.
(a) Meshed model (red: carbon fiber, green: silicone matrix)

-1

(b)

FEM simulation of the selected red rectangular area in Figure 2 to compute the thermal transversal conductivity of the fiber material with

(b) Stationary temperature distribution after applying constant temperatures of +1°C' at the top boundary and -1°C' at the bottom boundary of the model

From (9) and (10) we obtain

— h 1

ky = o AT N kE(r)VT(r)nydr; rel. (12)
For the insulating layers, a quartz fiber material was

used. Computation of k; and k; for this material is done

analogously to the carbon fiber material. The resulting values

for k; and k; for both materials are listed in Table 1.

Table T
_MATERIAL PROPERTIES USED IN SIMULATIONS.
kl AND k¢ REFLECT THE COMPUTED LONGITUDINAL AND
TRANSVERSAL CONDUCTIVITIES BASED ON (3) AND (12).

Applicator Insulation
Fiber material Carbon Quartz
Dy 0.6 0.5
kp Wm™1K~1) 17 1
Matrix material Silicone
km Wm™1K1] 0.17
Kk Wm—1K~1) 10.27 0.59
ke [Wm— 1K1 0.66 0.36

The parameters for the thermal conductivity of carbon
and quartz fiber were taken out of the material description
provided by the manufacturer of the material. The thermal
conductivity of silicone was obtained from [7].

C. Thermal Flux Computation

We can now consider the cryo-applicator tubing at a
macroscopic scale by using the average transversal and
longitudinal conductivities computed above.

In this work, applicators with different insulation types
in blood direction are compared with each other and with
an applicator without insulation. To allow a comparison of
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ablation efficiency the thermal flux was computed over the
applicator surface.

Therefore, models of the applicator variants were created
(Figure 5). Due to the symmetry only the right half of two
dimensional cuts of the applicator variants were modeled.
The diameter of all applicator variants is 2.3 mm; the
applicator tube without insulation has a thickness of 181 pum
and the maximum insulation thickness for both insulated
variants is 245 pum. The spatial domain of the models
was discretized to allow the numerical computation of the
stationary temperature distributions within the applicator
variants during cryoablation.

For computation of the stationary temperature distribution
the anisotropic thermal conductivities depicted in Table I
were used. The carbon fibers of the applicators are aligned
clockwise with a winding angle of § = 80°, whereas the
fibers of the insulating material are aligned perpendicular to
the cross section (see Figure 4). Therefore, the longitudinal
conductivity is not considered in the insulating material as
only the transversal conductivity of the insulating material
is needed.

Cauchy boundary conditions were assigned to the re-
frigerant boundary I'; (o = 3000 Wm™2K~1 T, =
—90°C') and to the blood/tissue boundary I', (o =
3000 Wm=2K~1, T, = 36.5°C) [7].

After computing the stationary temperature distribution
of the applicators, the thermal flux into the applicator
P [Wm™2] at the boundary T, can be computed similarly
to the Cauchy boundary condition in (2):

Py - 220 _

_anr(r) a(r) : [Tc(l‘)

~T(r)], rel (13)
P is obtained from the Cauchy boundary condition. Heat
flow from the tissue to the applicator is defined as positive.

Therefore the multiplicative factor -1 was added to (13).
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Model of applicator variants. Angle ¢ is used in Figure 6 for the comparison of the heat flux. (a) without insulation; (b) with inner insulation;

(c) with outer insulation; (d) temperature distribution without insulation; (e) temperature distribution with inner insulation; (f) temperature distribution with

outer insulation.
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(a) (b)

Figure 4. Fiber orientation in applicator models. The fiber orientation of the
applicator tube is spirally wound with winding angle 5 = 80° in z direction
and the fiber orientation of the insulation layer is parallel to the z axis
(winding angle 0°). (a) Cross section of the applicator variant with inner
insulation (blue: carbon fibers of tube; yellow: silicone matrix of carbon
fiber material; black: quartz fibers of insulation layer; pink: silicone matrix
of insulation layer) (b) Perspective along the applicator surface depicting
carbon fibers (blue) spirally wound with winding angle 5 = 80° in z
direction.

III. RESULTS

Using the stationary temperature distributions of the mod-
els depicted in Figure 5 and the thermal flux equation (13)
for the surface I', the angle dependent thermal flux values
were computed and compared with each other in Figure 6.

Copyright (c) IARIA, 2012. ISBN: 978-1-61208-190-8

The visualization of the thermal flux starts at the thickest
insulation point in blood direction at ¢ = 0° and proceeds
counterclockwise with increasing ¢ in tissue direction until
@ = 180°.
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Figure 6. Comparison of angle dependent thermal flux values of the

three applicator variants depicted in Figure 5 with ¢ = 0° at the bottom
(blood side) and ¢ = 180° at the top (tissue side). Angle increases
counterclockwise.

As depicted in Figure 6, the thermal flux over the surface
of the applicator without insulation has a constant value of
12.3 W/em?.

The applicator with inner insulation shows a decrease of
the cooling flux in blood direction. The minimal thermal flux
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of 7.4 W/cm? is present at ¢ = 0° (maximal thickness of
insulation layer). It increases with rising ¢ and reaches its
maximum of 11.8 W/em? at ¢ = 180°.

The thermal flux profile of the applicator with outer
insulation shows an even lower value of 5.9 W/cm? than
both other variants at ¢ = 0° (maximal thickness of
insulation layer). Contrary to the inner insulated applicator
the maximum cooling flux is located at ¢ = 120° with the
value of 13.7 W/cm? and reduces with increasing ¢ until
it reaches the value of 12.6 W/cm? at p = 180°.

IV. CONCLUSION AND FUTURE WORK

The major scope of this study is the development of
simulation tools, which should guide the development of
efficient applicator tubings for the creation of elongated
lesions. Three different applicator constructions using fiber
reinforced polymers were compared.

As depicted in Figure 6 the best of the three applicator
variants presented in this work (without/inner/outer insu-
lation) is the outer insulated applicator. One of the main
reasons for the efficiency of this applicator type is the
anisotropic thermal conductivity property of the carbon fiber
material that directs the cooling power from behind the
insulation layer to the tissue front where it is required.

Obviously, the applicator variant without insulation (blue),
showed no considerable variations of the thermal flux along
the outer boundary. Note that the small variations are caused
by spatial discretization and numerical effects.

The applicator variant with inner insulation (red) shows
the desired effect of reducing the power loss in blood
direction. As a negative side effect the thermal flux in
tissue direction is also reduced. This may be caused by the
anisotropy of the surrounding carbon fiber material. The
inner insulation in blood direction allows for a stronger
heating effect of the carbon fiber. Due to the higher thermal
conductivity along the carbon fiber the temperature differ-
ence between the blood side (warm) and tissue side (cold)
is reduced.

The outer insulation of the applicator showed the best
results of the applicator variants presented in this investi-
gation. In the direction of blood, a significant cooling flux
reduction is seen. Additionally, there is an improved cooling
flux in the tissue direction. The maximum at ¢ = 120°
(insulation end for both insulation variants) can be explained
by the low temperatures of the carbon fiber material within
the insulating layer and the low thermal conductivity of
the insulation layer from ¢ = 0° to ¢ = 120°. After
the insulation layer vanishes at ¢ = 120° the thermal
conductivity rises immediately. At the end of the insulating
layer the highest temperature gradient occurs that reduces
progressively until ¢ = 180°.

The manufacturing of an applicator with an additional
layer on the outside that does not surround the whole surface
may cause mechanical instability of the applicator. Due to
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the missing linkage between the two layers it would be
necessary to add additional material around the applicator
to adhere the insulation to the applicator. Although this
provides a possible solution to the problem, this method
might reduce the cooling effect of the applicator in tissue
direction.

Comparison was carried out by computing a stationary
temperature field in a two-dimensional geometry. Such a
model seems to be justified for making principle decisions
(insulation inside or outside) when starting the development
of a production process. Fiber reinforced polymers have been
successfully applied in other fields of medical devices such
as MR compatible materials [8] and have the potential to
increase the efficiency of cryoablation in the future. The
results obtained in this study are based on the assumption of
an ideal production process, which delivers optimal contact
of fibers and polymeric matrix material. In future studies
the results should be validated by comparing the simulated
predictions with manufactured tubings.
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