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Figure 5. The relationship tree of 34 viruses.

From Figure 5, we find that the two PV strains form an independent branch, which can be
distinguished easily from the HV strains, while the 32 HVs are grouped into three separate branches:
the strains belonging to PUUV are clearly clustered together, the strains belonging to SEOV appear
to cluster together, and so do the ones belonging to HTNV. A closer look at the subtree of HTNYV, all
CGRn strains whose host is Rattus norvegicus tend to cluster together, so it is with the CGHu strains
whose host is Homo sapiens. In addition, all the four CGAa strains whose host is Apodemus agrarius
are grouped closely. Needless to say, the phylogeny is not only closely related to the isolated regions,
but also has certain relationship with the host. This result is similar to that reported in [12,37].

The mitogenome dataset comprises 70 complete mitochondrial genomes of Eukaryota. The
name, accession number, and genome length are listed in Table 6. Among them, two species
(Argopecten irradians irradians and Argopecten purpuratus) belong to family Pectinidae are used as
the out-group. Four species belong to the Order Caudata under the Class Amphibia, while four species
belong to the Order Anura under the same Class. The remaining belongs to the Class Actinopterygii.
The average length of the 70 genome sequences is about 16817 bp. Thus, K is calculated as 6, and each
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of these genome sequences is converted into an 18-D vector. The phylogenetic tree constructed by
our method is shown in Figure 6. It is easy to see from Figure 6 that the two Pectinidae species stay
outside of the others, while the four Hynobiidae species and four Ranidae species form an independent
branch. In the subtree of the Class Actinopterygii, the 60 genomes are separated into six groups:
group 1 corresponds to genus Anguilla under family Anguillidae; group 2 includes genera Bangana and
Acrossocheilus under family Cyprinidae; group 3 includes genera Brachymystax and Hucho under family
Salmonidae; group 4 is genus Alepocephalus under family Alepocephalidae; group 5 is the family of
Clupeidae; group 6 includes genera Trichiurus, Amphiprion and Apolemichthys under Acanthomorphata.
This result agrees well with the established taxonomic groups. In addition, we make a comparison for
the 70 genome sequences by using ClustalX2.1 [38], and the corresponding tree is shown in Figure 7.
Observing Figure 7, we find that the tree includes four branches: the outside is the Argopecten branch,
the following is Babina, then Batrachuperus, and the subtree consisting of the other 60 species. A closer
look at the subtree shows that Trichiurus is distinguished from the remaining, which seems to be a
disappointing phenomenon in the evolutionary sense.

Table 6. Sequence information of 70 complete mitogenomes.

No. Genome AC (GenBank)  Length
1 Acrossocheilus barbodon NC_022184 16596
2 Acrossocheilus beijiangensis NC_028206 16600
3 Acrossocheilus fasciatus NC_023378 16589
4 Acrossocheilus hemispinus NC_022183 16590
5 Acrossocheilus kreyenbergii NC_024844 16849
6 Acrossocheilus monticola NC_022145 16599
7 Acrossocheilus parallens NC_026973 16592
8 Acrossocheilus stenotaeniatus NC_024934 16594
9 Acrossocheilus wenchowensis NC_020145 16591
10 Alepocephalus agassizii NC_013564 16657
11 Alepocephalus australis NC_013566 16640
12 Alepocephalus bairdii NC_013567 16637
13 Alepocephalus bicolor NC_011012 16829
14 Alepocephalus productus NC_013570 16636
15 Alepocephalus tenebrosus NC_004590 16644
16 Alepocephalus umbriceps NC_013572 16640
17 Alosa alabamae NC_028275 16708
18 Alosa alosa NC_009575 16698
19 Alosa pseudoharengus NC_009576 16646
20 Alosa sapidissima NC_014690 16697
21 Amphiprion bicinctus NC_016701 16645
22 Amphiprion clarkia NC_023967 16976
23 Amphiprion frenatus NC_024840 16774
24 Amphiprion ocellaris NC_009065 16649
25 Amphiprion percula NC_023966 16645
26 Amphiprion perideraion NC_024841 16579
27 Amphiprion polymnus NC_023826 16804
28 Anguilla anguilla NC_006531 16683
29 Anguilla australis NC_006532 16686
30 Anguilla australis schmidti NC_006533 16682
31 Anguilla bengalensis labiata NC_006543 16833
32 Anguilla bicolor bicolor NC_006534 16700
33 Anguilla bicolor pacifica NC_006535 16693
34 Anguilla celebesensis NC_006537 16700
35 Anguilla dieffenbachia NC_006538 16687
36 Anguilla interioris NC_006539 16713
37 Anguilla japonica NC_002707 16685
38 Anguilla luzonensis (Philippine eel) NC_011575 16635
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Table 6. Cont.

No. Genome AC (GenBank)  Length
39 Anguilla luzonensis (freshwater eel) NC_013435 16632
40 Anguilla malgumora NC_006536 16550
41 Anguilla marmorata NC_006540 16745
42 Anguilla megastoma NC_006541 16714
43 Anguilla mossambica NC_006542 16694
44 Anguilla nebulosa nebulosa NC_006544 16707
45 Anguilla obscura NC_006545 16704
46 Anguilla reinhardtii NC_006546 16690
47 Anguilla rostrata NC_006547 16678
48 Apolemichthys armitagei NC_027857 16551
49 Apolemichthys griffisi NC_027592 16528
50 Apolemichthys kingi NC_026520 16816
51 Argopecten irradians irradians NC_012977 16211
52 Argopecten purpuratus NC_027943 16270
53 Babina adenopleura NC_018771 18982
54 Babina holsti NC_022870 19113
55 Babina okinavana NC_022872 19959
56 Babina subaspera NC_022871 18525
57 Bangana decora NC_026221 16607
58 Bangana tungting NC_027069 16543
59 Batrachuperus londongensis NC_008077 16379
60 Batrachuperus pinchonii NC_008083 16390
61 Batrachuperus tibetanus NC_008085 16379
62 Batrachuperus yenyuanensis NC_012430 16394
63 Brachymystax lenok NC_018341 16832
64 Brachymystax lenok tsinlingensis NC_018342 16669
65 Brachymystax tumensis NC_024674 16836
66 Hucho bleekeri NC_015995 16997
67 Hucho hucho NC_025589 16751
68 Hucho taimen NC_016426 16833
69 Trichiurus lepturus nanhaiensis NC_018791 17060
70 Trichiurus japonicus NC_011719 16796
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Figure 6. The tree of 70 genome sequences constructed with the current method.
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Figure 7. The tree of 70 genome sequences constructed with multiple alignment.
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4. Concluding Remarks

By means of a regular tetrahedron whose center is at the origin, we associate the ten
2-combinations of multiset {c0- A, 00- G, - C, o0 T} with ten unit vectors (points on a unit sphere),
and then a novel 3-D graphical representation of a DNA sequence is proposed. Moreover, we
partition the graph into K cells, and then a 3K-dimensional cell-based vector is used to numerically
characterize a DNA sequence. The proposed method is tested by phylogenetic analysis on four
datasets. In comparison with other methods, our approach does not depend on multiple sequence
alignment, and avoids the complex calculation as in the calculation of invariants for higher order
matrices. Nevertheless, K, the number of cells, is dataset specific, which may restrict our approach. We
will make efforts in our future work to find a possible formula for K that is independent of the dataset.
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Abstract: The technique of comparison and analysis of biological sequences is playing an increasingly
important role in the field of Computational Biology and Bioinformatics. One of the key steps in
developing the technique is to identify an appropriate manner to represent a biological sequence.
In this paper, on the basis of three physical-chemical properties of amino acids, a protein primary
sequence is reduced into a six-letter sequence, and then a set of elements which reflect the
global and local sequence-order information is extracted. Combining these elements with the
frequencies of 20 native amino acids, a (21 + A) dimensional vector is constructed to characterize the
protein sequence. The utility of the proposed approach is illustrated by phylogenetic analysis and
identification of DNA-binding proteins.

Keywords: generalized pseudo amino acid composition; numerical characterization; phylogenetic
analysis; identification of DNA-binding proteins

1. Introduction

In the task of comparison and analysis of biological sequences, choosing a type of DNA /protein
representation is an important step. The usual representation of the primary structure of DNA is
a string of four letters: A (adenine); G (guanine); C (cytosine); and T (thymine). This expression
is called a letter sequence representation (LSR) or a DNA primary sequence. Similarly, a protein
primary sequence is usually expressed in terms of a series of 20 letters, which denote 20 different
amino acids. The sequence encodes information of the corresponding structure and function in a
living organism. However, it is difficult to obtain the information from the representation of a primary
sequence directly. Therefore, various sequence representation techniques have been developed for
encoding bio-sequences and extracting the hidden information.

Graphical representation of DNA is a useful tool for visualizing and analyzing DNA sequences.
By using the tool, one can obtain a route to condense the information coded by DNA primary sequences
into a set of invariants [1,2]. Early attempts towards graphical representations of DNA were made by
Hamori and Ruskin in 1983 [3], Hamori in 1985 [4], and Gates in 1985 [5]. Afterwards, more graphical
representations of DNA sequences were well developed by researchers [1,2,6-15]. In comparison
with DNA, graphical representations of proteins emerged only very recently [2,16-27]. As a matter
of fact, most of the graphical representations of DNA involve some degree of arbitrariness, such as
the selection of directions to be assigned to individual bases. For a string like DNA sequence over
an alphabet with size 4, there are 4! = 24 possible ways of assigning 4 directions to 4 nucleic acid
bases. If these methods are directly extended to protein sequences, the corresponding figure is
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20! = 2.433 x 10'8. It is impracticable to represent one protein sequence by such an enormous number
of graphs. This is probably the most important reason why protein graphical representations have
not been advanced [19,23]. It is found that reducing the alphabet or fixing the directions assigned to
amino acid residues plays an important role in addressing this problem. For details, we refer to some
recent publications [2,16,21,23,24,28].

Matrix representation of a biological sequence is another powerful tool for characterization and
comparison of sequences. These matrices include: The frequency matrix; Euclidean-distance matrix
(ED); graph theoretical distance matrix (GD); line distance matrix (LD); quotient matrix (D/D, M/M,
L/L); and their “higher order” matrices [1,2,12,13,20,21,27,29,30]. Among them, ED, GD, L/L, etc., are
derived from a graphical representation. For example, L/L is a symmetric matrix whose diagonal
entries are zero, while other entries are defined as the quotient of the Euclidean distance between two
points of the graph and the sum of geometrical lengths of edges between the two points. Once the
matrix is given, some of matrix invariants can be used as descriptors of the sequence. Eigenvalues of
a matrix are one of the best-known matrix invariants [31]. In fact, two graphs are isomorphic if and
only if their adjacency matrices are similar. It is of interest to note that similar matrices have the same
eigenvalues. Among all the eigenvalues, the leading eigenvalue often plays a special role and has been
widely used in the field of biological science and chemistry. However, a problem we must face is that
the calculation of the eigenvalue will become more and more difficult with the order of the matrix
large. ALE-index is an alternative invariant we proposed in 2005 [32]. The ALE-index can be viewed as
an Approximation of the Leading Eigenvalue (ALE) of the corresponding matrix (it is just in this sense
that it is called “ALE’-index), while it is much simpler for calculation than the latter. Therefore, it may
be more economical to adopt the ALE-index when one is interested only in the leading eigenvalue.

The third method for formulating a protein sequence is the pseudo amino acid composition
(PseAAC), with the advantage of avoiding loss of the sequence-order information. Ever since the
concept of PseAAC [33,34] or Chou’s PseAAC [35,36] was proposed, it has rapidly penetrated into
nearly all fields of computational proteomics (see a long list papers cited in [36,37]). Stimulated by the
great successes of PseAAC in dealing with protein/peptide sequences, the concept of PseAAC has
been extended [38—42] to cover DNA /RNA sequences as well via the form of PseKNC (pseudo K-tuple
nucleotide composition) [43,44], which has been proven very useful in studying many important
genome analysis problems, as summarized in a recent review paper [45]. Also, because the concept
of PseAAC has been increasingly and widely used in both computational proteomics and genomics,
a very powerful web-server called “Pse-in-One” [46] was established that can be used to generate the
pseudo components for both protein/peptide and DNA /RNA sequences.

In this paper, we modify the method of Chou’s PseAAC and propose a novel approach for
numerically characterizing a protein sequence. We characterize a protein sequence by a (21 + A)
dimensional vector, whose first 20 components are the occurrence frequencies of 20 native amino
acids, while the last A + 1 components are based on a six-letter sequence derived from the protein
primary sequence. The former is used to reflect the effect of the amino acid composition, and the
latter is used to reflect the effect of sequence order and property of the residues. It is well known
that a sequence naturally contains two pieces of information: the elements of the sequence; and the
orders of the elements. Any methodologies based on the amino acid composition alone are worthy
of further investigation. However, as pointed out by Chou [33,34], it is not feasible to completely
include all sequence order patterns. It was stirring to see that Chou creatively developed an approach
as mentioned above to extract the important feature beyond amino acid composition. Our scheme is
similar to, but different from, that of Chou. Experiments about phylogenetic analysis on two datasets
and identification of DNA-binding proteins illustrate the utility of the proposed method.

2. Methods

A protein sequence can be viewed as a string of 20 amino acids. Without loss of generality, by
the numerical indices 1,2, ... ,20, we represent the 20 native amino acids according to the alphabetical
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order of their single-letter codes: A,C,D,E,FGH,LK,L M,N,PL,Q,R,S,TV,W and Y. Then the frequencies
of appearance of the 20 amino acids in a protein sequence are often used to construct a vector

[f1,f2,..., f20]

This is the conventional amino acid composition. The advantage of such a vector representation
is that it is easy in statistical treatment, but it cannot reflect the effect regarding sequence order and
property. In what follows, we will take this effect into account through a set of elements in addition to
the 20 components.

Hydrophobicity, isoelectric point (pI), and relative distance (RD) are three important
physicochemical properties of the 20 native amino acids. Here RD can be viewed as an integration of
the information on three side chain properties: composition; polarity; and molecular volume—where
composition is defined as the atomic weight ratio of hetero (noncarbon) elements in end groups or
rings to carbons in the side chain (for details, see [47]). Listed in Table 1 are the original numerical
values for hydrophobicity, pI and RD. As can be seen from Table 1, the values of P’ (Hydrophobicity)
is in the range [-2.53~1.38], and the values of Pg (isoelectric point) are in the range of 2.97~10.76, while
Pg (relative distance) varies between 1469 and 3355. Therefore, the normalization of these values is
needed. Here we normalize them by the formulary below:

Pu(AA) = PY(AA) — min {PD(AA)},

j=1,...,20
Pi(AA) = — 20 i—1,2,...,20,n=1,2,3. 1)
T e (A4

Table 1. The original numerical values for the properties of the 20 native amino acids.

Amino Acid (AA)  Hydrophobicity ? (P9) pI? (P9 RD ® (P))
A 0.62 6.02 1889
C 0.29 5.02 3355
D —0.90 2.97 2209
E —0.74 3.22 1812
F 1.19 5.48 1916
G 0.48 5.97 2078
H —0.40 7.59 1507
I 1.38 6.02 1765
K —1.50 9.74 1797
L 1.06 5.98 1822
M 0.64 5.75 1689
N —0.78 5.42 1943
P 0.12 6.30 1720
Q —0.85 5.65 1538
R —2.53 10.76 1697
S —0.18 5.68 2000
T —0.05 6.53 1469
\% 1.08 5.97 1680
w 0.81 5.89 2317
Y 0.26 5.66 1787

2 Taken from [41]; ® Taken from [47-49)].

Clearly, the normalized values for properties of the 20 native amino acids are in the interval [0,1].
The corresponding values are listed in Table 2. The last row in this table gives the average values.
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Table 2. The normalized values for the properties of the 20 native amino acids.

AA P; P; P;
A 0.8056 0.3915 0.2227
C 0.7212 0.2632 1.0000
D 0.4169 0 0.3924
E 04578 0.0321 0.1819
F 0.9514 03222 0.2370
G 0.7698 0.3851 0.3229
H 0.5448 0.5931 0.0201
I 1.0000 03915 0.1569
K 0.2634 0.8691 0.1739
L 0.9182 0.3864 0.1872
M 0.8107 0.3569 0.1166
N 0.4476 03145 0.2513
P 0.6777 04275 0.1331
Q 0.4297 0.3440 0.0366
R 0 1.0000 0.1209
S 0.6010 0.3479 0.2815
T 0.6343 0.4570 0
\% 0.9233 0.3851 0.1119
w 0.8542 0.3748 0.4496
Y 0.7136 0.3453 0.1686
P, 0.6471 03994 0.2283

For each amino acid (AA), we associate it with a triple (#(1), #(2), £(3)), where

—1 otherwise

tm)—{+1 if P*(AA) > B,

(n=1,2,3)

@

All the amino acids with a same triple form a group. In this way, the 20 native amino acids can be

classified into 6 groups:

Gi={A Y, VM, LI},
G ={C,W,G,F},
Gm={D, S, N},

Gy ={E, Q},

Gy ={H, T R, K},
Gyr = {P}.

For each group, the first amino acid is selected to be the representative. Thatis, A, C, D, E, H and
P are used to stand for the six groups, respectively. The value of the property of a group is defined
as the average value of the property of amino acids belonging to the group. Listed in Table 3 are the

corresponding values of the

six groups.

Table 3. The values for properties of the six groups.

Group Representative Py P, P3
Gy A 0.8619 0.3761 0.1607
Gip C 0.8242 0.3363 0.5024
G D 0.4885 0.2208 0.3084
Gy E 0.4437 0.1881 0.1092
Gy H 0.3606 0.7298 0.0787
Gyr P 0.6777 0.4275 0.1331

254



Appl. Sci. 2016, 6,406

At the same time, a protein primary sequence can be reduced into a six-letter sequence by replacing
each element in the protein sequence with its representative letter. Suppose S = 515, ... Sy is a given
six-letter sequence, we inspect it by stepping one element at a time. For the step k (k = 1,2,..., L),
a 3-D space point qx = (X, Yk, 2x) can be constructed as follows:

(%, Yo 2zk) = (%k—1,Yk—1,2k-1) + (P (Sk), P2 (Sk), P3 (Sk)), ®3)

where (x9, y0,z0) = (0,0,0). When k runs from 1 to L, we get L points q1,4a, ..., q1. Connecting these
points one by one sequentially with straight lines, a three-dimensional curve can be drawn. One can
further associate the graph with some structural matrices. Here we adopt the /L matrix and denote it
by M, whose (i,j)-entry is defined as follows:

d(ij)

AT Tty H1<]
mij =40 ifi=j, 4)
m;j; ifi > ]

where d(i, j) is the Euclidean distance between points ¢; and g;. It is not difficult to see that lim,  'M
is a (0,1) matrix; here 'M stands for the product of Hadmammard multiplication of the matrix M by
itself t-times. In this paper, we call the limit matrix as a generalized adjacency matrix (GAM) generated
by points 41,42, ..., g1, and denote it by M. Obviously, [MGL']' = 1if and only if 4; and g; lie on a
straight line in the graph.

As mentioned above, once a symmetric matrix is given, one can calculate its ALE-index by the

following formula:
1/(1 L-1
x—2<L|-|m+,/L|-|F>, ©

where L is the order of the matrix, ||- ||;,1 and ||- ||r are the m1- and F-norms of a matrix, respectively.
In order to reduce variations caused by comparison of matrices with different sizes, we consider
instead of x (M) a normalized ALE-index x’ (Mg) = X(L\/i).

In addition, following the similar procedures in capturing the sequence-order information of a
protein [33,34], for the six-letter sequence S = S$15; - - - S;, we extract a set of new order-correlated

factors as defined below:

01 =y x X s (5,1,
RS B35 BT A ©
O =l x § X 8 (5,0).

where 0;(k =1,2,...,A) is called the k-th tier correlation factor, g, (S, k) represents the coupling mode
function as given by

i=1

L—k
gn(S,k) = \j Z (Pu(Si) — Pn(si+k))2 7)

Factor 0 reflects the coupling mode between the most contiguous elements along a six-letter
sequence (Figure 1a); 0, reflects the coupling mode between the second-most contiguous (Figure 1b);
03 reflects the coupling mode between the third-most contiguous (Figure 1c), and so on. A is the highest
rank of the coupling mode.
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Figure 1. A schematic diagram to show: (a) the first-tier; (b) the second tier; and (c) the third-tier
sequence order correlation mode along a sequence. Where the regular hexagon is used to show that
each element of the sequence corresponds to one of the six amino acid groups.

Consequently, a protein sequence can be characterized by a (21 + A) dimensional vector V:

V = (01,02,-+,020, 02041, - -, V2041, V204 A+1), (8)
where
f; 1<i<20
Uy = w10 20+1<i<204+A )

wo )’ i=20+A+1

Here wy and w, are weight factors. It is easy to see that the first 20 components reflect the effect of
the amino acid composition, whereas the last A + 1 components reflect the effect of sequence order
and property of the residues. For convenience, a set of such 21 + A components as formulated by
Equations (8) and (9) is called the generalized pseudoamino acid composition of a protein sequence,
and denoted by G-PseAAC.

3. Results

In this section, we will illustrate the use of the new quantitative characterization of protein
sequences with two experiments. As we can see from Equations (8) and (9), there are three adjustable
parameters for the G-PseAAC: A, wy, and w,. It is not known beforehand which A, wq, and w; are best
for a given problem. Three datasets are considered in this paper. The first one is used for determining
these parameters and others for testing purpose.

3.1. Experiment I: Phylogenetic Analysis on Two Datasets

The first dataset used in this paper is composed of (3-globin protein of 17 species (see Table 4).
According to the method proposed, we associate each of the 17 protein sequences witha 7 =21 +A
dimensional vector. These vectors are then used to define a pair-wise evolutionary distance between
any two protein sequences i and j:

D(i,j) = d(Vi, V}) = \/Yr_, (o — 0j)? (10)

where V; = (vj1,vp,...,0i ) and V= (?le, U,y U]'lT) are the corresponding vectors for sequences
i and j, respectively. Thus, a 17 x 17 real symmetric matrix Dy; is obtained. On the basis of the
achieved distance matrix D;7, a phylogenetic tree can be constructed using a UPGMA (Unweighted
Pair Group Method with Arithmetic Mean) program included in the MEGA4 package. It is found that,
when A = 7 and wy = wy = 1.6, the non-mammals, including Guttata, Gallus and Muscovy duck,
appear to cluster together and stay outside of the mammals, while Opossum is distinguished from
the remaining mammals. In addition, Primate group {Human, Chimpanzee, Gorilla}, Cetartiodactyla
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group {Cattle, Banteng, Sheep, Goat}, Lagomorpha group {Rabbit, European hare}, and Rodentia group
{House mouse, Western wild mouse, Spiny mouse, Norway rat} form separate branches, respectively
(cf. Figure 2). This result is in accordance with the accepted taxonomy and the literature [1,12,30].

Table 4. The 3-globin protein of 17 species.

No. Species Accession Number Length (aa)
1 Human ALU64020 147
2 Gorilla P02024 147
3 Chimpanzee P68873 147
4 Cattle CAA25111 145
5 Banteng BAJ05126 145
6 Goat AAA30913 145
7 Sheep ABC86525 145
8 European hare CAA68429 147
9 Rabbit CAA24251 147

10 House mouse ADD52660 147
11 Western wild mouse ACY03394 147
12 Spiny mouse ACY03377 147
13 Norway rat CAA29887 147
14 Opossum AAA30976 147
15 Guttata ACH46399 147
16 Gallus CAA23700 147
17 Muscovy duck CAA33756 147

Human
’—{ chi

L Goria

Rabbit

European Hare

Cattle
Banteng
Goat
Sheep
Norway rat
Western wild mouse
House mouse

Spiny mouse

Opossum

Guttata
Gallus

Muscowy Duck

Figure 2. The relationship tree of 17 species.

Using the above-determined values for A, wy, and w,, we infer the relationship of 72 coronavirus
spike (S) proteins. The coronavirus, whose name is derived from its crown-like shape, is a
positive-sense, single-stranded RNA virus in the family Coronaviridae. It was first identified in the 1960s
from the nasal cavities of patients with the common cold. Most coronaviruses are not dangerous, but
some strains could cause severe, sometimes fatal, diseases in humans and other animals. The MERS
coronavirus (commonly shortened to MERS-CoV) is the virus that causes the Middle East respiratory
syndrome (MERS). MERS was first reported in 2012 in Saudi Arabia and then in other countries in the
Middle East, Africa, Asia, Europe and America. As of July 2016, 1769 laboratory-confirmed cases of
MERS-CoV infection, including at least 630 related deaths (the case fatality rate is >30%), have been
reported in over 27 countries (http://www.who.int/emergencies/mers-cov/en/). People also died
from a severe acute respiratory syndrome (SARS), which first emerged in 2002 in Guangdong Province,
China, and then spread globally. SARS resulted in more than 8000 infections with a case-fatality rate of
~10%. The virus that causes SARS is officially called SARS coronavirus (SARS-CoV). Both MERS-CoV
and SARS-CoV are identified as members of the beta group of coronavirus, Betacoronavirus, while
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they are distinct from each other. The name, accession number, and abbreviation of the 72 sequences
are listed in Table 5. According to the existing taxonomic groups, sequences 1-5 belong to group
alpha (formerly known as Coronavirus group 1 (CoV-1)), sequences 6-8 are members of group gamma
(formerly CoV-3), and the remaining belongs to group beta (formerly CoV-2). Refer to Table 5 for details.

Table 5. The accession number, name and abbreviation for 72 coronavirus spike proteins.

NO. Accession Number Virus Name/Strain Abbreviation
1 CAB91145 Transmissible gastroenteritis virus, genomic RNA TGEVG
2 NP_058424 Transmissible gastroenteritis virus TGEV
3 AAK38656 Porcine epidemic diarrhea virus strain CV777 PEDVC
4 NP_598310 Porcine epidemic diarrhea virus PEDV
5 BAL45637 Human coronavirus 229E HCoV-229E
6 AAP92675 Avian infectious bronchitis virus isolate B] IBVB]J
7 AAS00080 Avian infectious bronchitis virus strain Ca199 IBVC
8 NP_040831 Avian infectious bronchitis virus 1BV
9 NP_937950 Human coronavirus OC43 HCoV-OC43
10 AAKB83356 Bovine coronavirus isolate BCOV-ENT BCoVE
11 AAL57308 Bovine coronavirus isolate BCoV-LUN BCoVL
12 AAA66399 Bovine coronavirus strain Mebus BCoVM
13 AAL40400 Bovine coronavirus strain Quebec BCoVQ
14 NP_150077 Bovine coronavirus BCoV
15 AAB86819 Mouse hepatitis virus strain MHV-A59C12 mutant MHVA
16 YP_209233 Murine hepatitis virus strain JHM MHVJHM
17 AAF69334 Mouse hepatitis virus strain Penn 97-1 MHVP
18 AAF69344 Mouse hepatitis virus strain ML-10 MHVM
19 NP_045300 Mouse hepatitis virus MHV
20 AAU04646 SARS coronavirus civet007 civet007
21 AAU04649 SARS coronavirus civet010 civet010
22 AAU04664 SARS coronavirus civet020 civet020
23 AAVI1631 SARS coronavirus A022 A022
24 AAV49730 SARS coronavirus B039 B039
25 AAP51227 SARS coronavirus GD01 GDO01
26 AAS00003 SARS coronavirus GZ02 GZ02
27 AAP30030 SARS coronavirus BJ01 BJO1
28 AAP13567 SARS coronavirus CUHK-W1 CUHK-W1
29 AAP37017 SARS coronavirus TW1 TW1
30 AAR87523 SARS coronavirus TW2 TW2
31 BAC81348 SARS coronavirus TWH genomic RNA TWH
32 BAC81362 SARS coronavirus TWJ] genomic RNA W]
33 AAQO01597 SARS coronavirus Taiwan TC1 TaiwanTC1
34 AAQO01609 SARS coronavirus Taiwan TC2 TaiwanTC2
35 AAP97882 SARS coronavirus Taiwan TC3 TaiwanTC3
36 AAP13441 SARS coronavirus Urbani Urbani
37 AAP72986 SARS coronavirus HSR 1 HSR1
38 AAQ94060 SARS coronavirus AS AS
39 AAP94737 SARS coronavirus CUHK-AGO1 CUHK-AGO01
40 AAP94748 SARS coronavirus CUHK-AG02 CUHK-AGO02
41 AAP94759 SARS coronavirus CUHK-AGO03 CUHK-AGO03
42 AAP30713 SARS coronavirus CUHK-Sul0 CUHK-Su10
43 AAP33697 SARS coronavirus Frankfurt 1 Frankfurtl
44 AAR14803 SARS coronavirus PUMCO1 PUMCO1
45 AAR14807 SARS coronavirus PUMC02 PUMCO02
46 AAR14811 SARS coronavirus PUMC03 PUMCO03
47 AAP41037 SARS coronavirus TOR2 TOR2
48 AAP50485 SARS coronavirus FRA FRA
49 AAR23250 SARS coronavirus Sin01-11 Sinol-11
50 AHX00731 MERS coronavirus KFU-HKU1
51 AHX00711 MERS coronavirus KFU-HKU13
52 AHX00721 MERS coronavirus KFU-HKU19Dam
53 AIY60578 MERS coronavirus Abu-Dhabi_UAE_9
54 ATY60568 MERS coronavirus Abu-Dhabi_UAE_33
55 AlZ74417 MERS coronavirus Hu-France(UAE)-FRA1

258



Appl. Sci. 2016, 6,406

Table 5. Cont.

NO. Accession Number Virus Name/Strain Abbreviation

56 AlZ74433 MERS coronavirus Hu-France-FRA2
57 ALJ54502 MERS coronavirus Hu/Qunfidhah-KSA-Rs1338
58 AKN24821 MERS coronavirus KFMC-1

59 AKN24830 MERS coronavirus KFMC-7

60 ALJ76282 MERS coronavirus Hu/Taif, KSA-2083
61 ALJ76281 MERS coronavirus Hu/Taif, KSA-5920
62 ALJ54493 MERS coronavirus Hu/Makkah-KSA-728
63 ALB08267 MERS coronavirus KOREA /Seoul/014-1
64 ALB08278 MERS coronavirus KOREA /Seoul/014-2
65 ALR69641 MERS coronavirus D2731.3

66 AKQ21055 MERS coronavirus ADFCA-HKU1

67 AKQ21064 MERS coronavirus ADFCA-HKU2

68 AKQ21073 MERS coronavirus ADFCA-HKU3

69 ALA50001 MERS coronavirus camel/Taif / T68

70 ALA50012 MERS coronavirus camel/Taif /T89

71 ALT66813 MERS coronavirus Jordan_1

72 ALT66802 MERS coronavirus Jordan_10

The corresponding phylogenetic tree constructed by our method is shown in Figure 3. Observing
Figure 3, we find that TGEVG, TGEV, PEDVC, PEDV and HCoV-229E, which belong to group alpha,
are clearly clustered together, and so do the three gamma coronaviruses IBV, IBVBJ, IBVC. In the
subtree of the group beta, MERS-CoVs appear to cluster together, and SARS-CoVs are situated at
an independent branch, while BCoV, BCoVM, BCoVQ, BCoVE, BCoVL, HCoV-OC43, MHV, MHVA,
MHVM, MHVP and MHVJHM form a separate branch. The resulting cluster agrees well with the
established taxonomic groups.

3.2. Experiment II: Identification of DNA-Binding Proteins

Numerous biological mechanisms depend on nucleic acid-protein interactions. The first step
for understanding these mechanisms is to identify the interacting molecules. There are different
strategies for determining DNA sequences that bind specifically to a known protein. However, it is
difficult to accurately identify DNA-binding proteins [50]. Existing experimental techniques have low
practical value due to time consumption and expensive costs [51]. Therefore, developing an efficient
computational approach for identifying DNA-binding proteins is becoming increasingly important.
In this section, we explore the application of the G-PseAAC to the identification of DNA-binding
proteins. The parameters A, wq, and w; used here are the same as those determined in Section 3.1.

The dataset used here is taken from [51]. Itsoriginal version was created in 2009 by Kumar et al. [52],
in which the DNA-binding proteins are extracted from the Pfam database [53] with keywords of
“DNA-binding domain” and pairwise sequence identity cutoff of 25%, while the non DNA-binding
domains are randomly selected from Pfam protein families that are unrelated to the DNA-binding protein
family. Xu et al. [51] removed some sequences from the original dataset, and its current version is
composed of 1585 protein sequences. This benchmark dataset contains 770 DNA-binding proteins
and 815 non DNA-binding proteins, which form the positive sample set and negative sample set,
respectively. We randomly divide the 770 DNA-binding proteins into two parts, one has 410 sequences
and the other 360 sequences. Also, we randomly select 410 and 405 sequences from the 815 non
DNA-binding proteins, respectively. We conduct two sets of data. Set I contains 410 DNA-binding
proteins and 410 non DNA-binding proteins. This set serves as a training set. The remaining protein
sequences (360 DNA-binding proteins and 405 non DNA-binding proteins) form Set II, which serves
as a test set.
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Figure 3. The relationship tree of 72 coronavirus spike proteins.
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Support vector machine (SVM) is employed as the classifier, and its implementation is based
on the package LIBSVM (a Library for Support Vector Machines) v3.17 [54], which is open sourced
and can be freely downloaded from http://www.csientu.edu.tw/~cjlin/libsvm. There are four types
of kernel functions in LIBSVM: linear kernel; polynomial kernel; radial basis function (RBF) kernel;
and sigmoid kernel. Among them, the RBF kernel is deemed a reasonable first choice [55]. The main
reason is that, taking the form K (Vi, V]) = eiYHV"*VJHZ
into a higher dimensional space so it can handle the non-linearly separable data. Accordingly, the
RBF kernel is also adopted in this paper. The model selection of this kernel involves two parameters
to be decided: the penalty parameter C and the kernel parameter y. We first convert each of the
1585 protein sequences into a 28-D vector, and then the vectors belonging to Set I are scaled and fed
to the SVM. With an optimization procedure using a grid search strategy in LIBSVM, the parameter
pair (C, ) is determined as (8, 0.5) (It should be pointed out that the optimal values for one round
of cross-validation may not be the same for another.). In literature, a set of metrics are often used to
measure the prediction quality. To make it intuitive and easy to understand for readers, here we adopt
the definition and notations used in [40,41,56-60] to describe the corresponding evaluation metrics:

, the RBF kernel can non-linearly map samples

Nt

Sn=1- 17

NT
-t

N* +N_
N++N-’

Nt Ny
(5 )

) o)

Precision x Recall
Precision + Recall’

Sp=1

Acc=1-—

MCC =

FI_M=2x

where N7 is the total number of DNA-binding proteins investigated, while N the number of
DNA-binding proteins incorrectly predicted to be of non DNA-binding proteins; N~ the total number
of non DNA-binding proteins investigated, while N the number of non DNA-binding proteins
incorrectly predicted as DNA-binding proteins. Precision = #fg\];, Recall =1 — % It should
be pointed out that the set of metrics above is valid only for the single-label system (such as the
case at hand). For the multi-label systems whose existence has become more frequent in system
biology [61-64] and system medicine [65], a completely different set of metrics as defined in [66]
is needed.

With the best pair (C, v) obtained in the training stage, Set II is fed to the SVM. We find that

N* =17and N = 22. We thus have
S, =95.28%, Sp =94.57%, Acc = 94.90%, MCC = 0.8978, F1_M = 94.62%.

Repeating the above random division procedure three times, we perform three cross-validation
tests and list the results in Table 6. As can be seen, the accuracy (Acc), Matthew’s correlation coefficient
(MCC), and F1-measure (F1_M) in each cross-validation test are greater than 94.90%, 0.8977, and 94.59%,
respectively. This result indicates that our method is promising in identifying DNA-binding proteins.
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Table 6. The results of three different cross-validation tests.

Test 1 2 3 Average
S (%) 95.28 94.72 95.00 95.00
Sp (%) 94.57 95.06 95.06 94.90
Acc (%) 94.90 94.90 95.03 94.94
MCC 0.8978 0.8977 0.9004 0.8986

F1_M (%) 94.62 94.59 94.73 94.65

4. Discussion

4.1. Selection of Properties for Amino Acids

In addition to the three physical-chemical properties mentioned above, both hydrophilicity and
molecular weight of amino acids can play important roles for characterization of proteins. Therefore,
one can consider r-combinations of the five properties to describe a protein sequence. The purpose of
this paper is to find an appropriate way for converting a protein sequence of 20 kinds of amino acids
into a string over a “small” alphabet. If we take 7 to be 3, by the scheme described in Section 2, the
triple (t(1), £(2),£(3)) has at most 23 = 8 different forms. This means that the 20 native amino acids
can thus be classified into no more than eight groups, whereas if the 5-combination or 4-combination
is selected, by the similar scheme, (£(1), £(2),---,t(r)) will have 2% = 32 or 2% = 16 possible forms.
Compared with “20,” the figure is not “small.” Therefore,  is taken to be 3 in this paper. By means of
each of the 3-combinations of the five properties, the same experiments are performed. As a result, we
find that hydrophobicity, isoelectric point, and relative distance form the best 3-combination.

4.2. Feature Analysis

As we see from Equations (8) and (9), the 28-D feature vector consists of three parts: 20 amino acid
compositions; 7 correlation factors; and 1 ALE-index. One may be interested in knowing whether or not
the last two parts are significant. First and foremost, let us see what would happen if only the first part
was used? Without loss of generality, suppose S is a protein sequence and the counts of 20 native amino
acids are nq,1ny, - - -, nyp, respectively. Then we have a multi-set M (S) = {ny-A,ny-C,--- ,npo-Y}.
Based on the knowledge of combinatorics, it is not difficult to see that there are a total of
e nz\‘s\l ol = ('Lll'f'zg ,*':22;,)' different sequence/strings possessing the same amino acid compostion.
This suggests that the amino acid composition alone is not sufficient to represent and compare
protein sequences. What would happen if only the first two parts were used (i.e., without using the
ALE-index)? By using the vector with the first 27 components, experiments I and II are performed. For
the first dataset, there is no significant difference between the tree constructed with the 27-D vector and
that with the 28-D vector. For the second dataset, the corresponding relationship tree of coronavirus
spike proteins is shown in Figure 4. From Figure 4, it is easy to see that MERS-CoVs belonging to
Betacoronavirus appear to cluster together with the three Gammacoronaviruses, instead of the other

Betacoronaviruses. This phenomenon is disappointing. For the third dataset, we repeat the three
cross-validation tests with the 27-D vector and list the corresponding results in Table 7. By comparing
Table 7 with Table 6, we can find that the prediction quality diminished slightly. These results indicate
that the ALE-index can make a very positive contribution to the performance of experiments.

Table 7. Results of the three cross-validation tests with the 27-D vector.

Test 1 2 3 Average
Sy (%) 95.00 93.61 94.44 94.35
Sp (%) 94.32 94.32 95.06 94.57

Acc (%) 94.64 93.99 94.78 94.47
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Figure 4. The relationship tree of the coronavirus spike proteins with the 27-D vector.

5. Conclusions

By means of three important physicochemical properties of amino acids, we first classify the
20 native amino acids into six groups, and assign to each group a representative symbol. Then, by
substituting each letter with its representative letter, we convert a protein primary sequence into a
six-letter sequence, which can be regarded as a coarse-grained description of the protein primary
sequence. In comparison with the string composed of 20 kinds of amino acids, the reduced sequence
not only makes the generalization from representations of DNA sequences to those of proteins easier,
but also enables us to focus more on the information of our interest. On the basis of the six-letter
sequence, we obtain a generalized adjacency matrix (GAM) and then its normalized ALE-index. Also,
we extract A order-correlated factors via the reduced sequence. Combining these elements with the
frequencies of occurrenceof 20 native amino acids, we constructa (21 4+ A) dimensional vector to
characterize a protein sequence. Our method is tested byphylogenetic analysis and identification of
DNA-binding proteins. The feature analysis implies that the A + 1 components beyond the amino
acid composition play very important roles in the performance of the experiment. As shown in
a series of recent publications (see, e.g., [58,67-72]) in demonstrating new methods or approaches,
user-friendly and publicly accessible web-servers will significantly enhance their impacts [73]. We will
make efforts in our future work to further improve our method and provide a web-server for the new
method presented.
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Abstract: From the aspect of human circulation system structure, a complete hemodynamic model
requires consideration of the influence of microcirculation load effect. This paper selected the seepage
in porous media as the simulant of microcirculation load. On the basis of a bi-directional liquid-solid
coupling tube model, we built a liquid-solid-porous media seepage coupling model. The simulation
parameters accorded with the physiological reality. Inlet condition was set as transient single-pulse
velocity, and outlet as free outlet. The pressure in the tube was kept at the state of dynamic stability in
the range of 80-120 mmHg. The model was able to simulate the entire propagating process of pulse
wave. The pulse wave velocity simulated was 6.25 m/s, which accorded with the physiological reality.
The complex pressure wave shape produced by reflections of pressure wave was also observed.
After the model changed the cardiac cycle length, the pressure change according with actual human
physiology was simulated successfully. The model in this paper is well-developed and reliable.
It demonstrates the importance of microcirculation load in hemodynamic model. Moreover the
properties of the model provide a possibility for the simulation of dynamic adjustment process of
human circulation system, which indicates a promising prospect in clinical application.

Keywords: hemodynamic model; microcirculation load; liquid-solid-porous media seepage coupling

1. Introduction

A hemodynamic model is able to provide theoretical evidence for suitable selections of clinical
treatment plan, and hence has important meanings. Take human physiology as an example: if the heart
is regarded as a power source and the arteries at each level as transportation pipelines, the human
microcirculation system can be seen as the system load. There is a complex coupling relationship
between various components of the circulation system, which influence each other severely. A change
in one factor can even cause a change in the environment of the entire circulation system. Complex
phenomena in the human blood circulation system should be the properties produced by the coupling
of various parts of the system, not only relying on the selection of boundary conditions. Therefore,
a well-developed hemodynamic model must be able to show completely different components of
the circulation system and their effects. Only in this way can it provide a correct simulation of the
numerous phenomena of human blood flow, and provide evidence for research on producing and
developing principles for dealing with some diseases.

Nowadays, there are many studies on the hemodynamics model, but none of them is able to
show the properties of the human circulation system. Though the hemodynamic model of a rigid tube
wall [1-4] has been widely utilized, it is not able to show the stress-strain properties of solids, which
places severe limitations on clinical applications. The model of a flexible tube wall [5-7] is not only
able to show the deformation of the solid, but also reflects the influence of solid deformation on flow
field, which has great potential for application [8]. However, the model fails to show the complex
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pressure wave of physiology [9] and simulate the propagation of a pulse wave. In these studies, the
outlet pressures were all set as a fixed value or a measured value, and it was assumed that these outlet
conditions will not change with the change of the flow field. Since pressure influences the deformation
of the tube wall, the change of outlet pressure conditions will have a profound influence on the flow
field. Therefore, the results were not ideal in those studies relating to the adjustment process of the
entire human circulation system [10]. In the study on myocardial bridge [11], Schwarz observed the
influence of changes of downstream flow field on the front-end flow field. It follows that changeable
load condition is one of the most important components neglected in most hemodynamic models.
Through analysis of the characteristics of a capillary microcirculation system and the flow properties
of the kidney and other organs, it was found that the seepage in porous media is a load model that
accords relatively well with the form of physiological changes. Therefore, this paper needs to add a
load of porous media seepage in the classical bi-directional liquid-solid coupling model to completely
simulate the human circulation system.

Additionally, in order to make the load of porous media seepage accord with physiology, there are
requirements for the tube length and other flow field factors. The human microcirculation system is
located at the end of the human blood circulation system. Before arriving at the microcirculation system,
the fluid will flow through the entire circulation system and experience severe changes. However
in previous studies, the flow field was not long enough for the simulation of these changes, so the
model requires a flow field that is equivalent to the actual physiology to simulate the physiological
flow field correctly. In addition, the deformation of tube wall is an important factor influencing the
flow field. Thus, in the calculating simulation of Dong [12], as the influence of liquid-solid coupling
was not considered, his simulation results were not very satisfying, though the load of porous media
seepage was also selected. It can be seen that a bi-directional liquid-solid coupling model with enough
developing space for a flow field is the precondition for a load to produce correct results. Only when
all the factors in this system can meet physiological needs can the results accord with physiology.

Accordingly, this paper built a bi-directional liquid-solid model with long straight tube to simulate
the human blood vessel. A load of porous media seepage was arranged at the outlet of the liquid-solid
coupling model to simulate the human microcirculation system. Using the most ideal single-pulse
inlet condition and free outlet’s boundary condition, we successfully simulated various complex
phenomena in human blood vessels. The mechanisms of these phenomena were revealed through
analysis. Moreover, the heart rate was changed for a comparison with human physiological reality,
thus verifying the reliability of the model proposed.

2. Model and Methods

2.1. Hemodynamic Model

According to the discussions above, this paper built a model of a long straight tube with a flexible
wall and a load of porous media seepage. As shown in Figure 1, the model mainly consists of three
parts: the straight tube is used for simulating the flow field region of the blood vessel; the flexible tube
wall is used for simulating deformation of the vascular wall and its influence on flow; and the tube
with porous media seepage is used for simulating flow in the microcirculation system. The control
equations of the various regions are as follows:

2.1.1. Fluid Region
Continuity equation:

S1=0 (1)

Momentum equation:
ou; ou; 10 1 07
Py 0w lop 10T ?

- u
ot ]é‘xj psOx; g OX;
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where ; is fluid velocity, p is fluid pressure, py is fluid density, and 7;; is the fluid stress tensor. The
configuration of the fluid region is changeable.

2.1.2. Solid Region

Structural momentum equation:

6(71] ou;
+fi=p, =" 3
TPy 3
Solid constitutive equation:
0ij = Djjriep 4

where 0;; is the solid stress tensor, D;jy; is the Lagrange elasticity tensor, and ¢y is the strain tensor.

2.1.3. Liquid-Solid Coupling Interface:

Of-1f = 0p- Ny (5)
up=p (6)
where o is the stress tensor, n is the normal vector, and u is the velocity vector of the interface.
2.1.4. Region with Porous Media Seepage

Continuity equation:

Oell;
=0 7
ﬁxi ( )
Momentum equation:
Oeu; Ot 1 0e 1 Oetij €2
et = —— P~ hy, ®)
ot 0x; P 0x;i  pg 0x;j  prk

where k is permeability, ¢ is porosity, and p is the fluid viscosity factor.

2.1.5. Fluid-Porous Media Seepage Interface

Ip = —Kgp (Vi — Vi) )

where I, is the momentum exchange capacity of the interface; K, is the interface conductivity, which
is determined by the constitutive equation of porous media seepage; V is velocity.

Blood Flow
- b
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E 7 T 7 F E T % P L1
_ —_—= P | P2 4P P4 Boy || § g i e S ’;";is;“'e
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% X
5 $ \ Porous Flow
o A\ "
Bl “— Elastic artery wall

F-S interface ‘F-P interface

Figure 1. Calculation model and schematic of measuring point distribution.

2.2. Simulate Method

In order to comprehensively show the properties of the model, this paper selected the entire blood
circulation system starting from the aorta as a study subject. The whole aorta has a straight tube of
about 1 m. Because of the scale and strain rate of the aorta, the fluid was simplified as the Newtonian
fluid [13]. The straight tube was set with a length of 1000 mm, diameter of 20 mm, and wall thickness
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of 2 mm, which accords with the aortal physiological parameters. The tube with porous media for
seepage had a length of 300 mm, ensuring its internal flow developing completely. As the power
source of the blood circulation system, the inlet took velocity as its boundary condition. Outlet was set
as free outlet, located at the end of the tube with porous media for seepage.

The Computational methodology process of the hemodynamic model is shown in Figure 2.
On the liquid-solid interface, fluid applied the calculated wall pressure on the solid; after the solid
was deformed due to the pressure, the flow field grid was rebuilt. Then, after several iterations, a
convergent result was obtained. Notably, due to the change in the flow field region, the fluid would
be temporarily stored in the deformation; when the pressure in the tube dropped, the deformation
would decrease and those stored fluids would reenter the flow field to flow. On the fluid-porous
media seepage interface, fluid provided the pressure on interface. Under this pressure, the total fluid
amount allowed to go through the seepage tube could be calculated. In this system, though solid
and porous media seepage did not interact directly on an interface, they were connected together by
the flow field. Therefore, the three parts operate synergistically, creating a complex multi-directional
coupling relationship.

Geometrical model
&
Mesh generation

Time step i(i=1,2,...)

Iterations j(j=1,2,...)

Solid domain Fluid Pressure of Fluid domain Fluid Pressure of Porous domain
the F-S interface the F-P interface
Structural analysis —e——— Hemodynamic analysis ——— Porous analysis
Interpolation Fluid-Solid interface Interpolation  Fluid-Porous interface Interpelation
Solve wall deformation Solve fluid field Solve porous field

for given pressure. Mesh update according to given Flow allow to cross according to given

ditions the F-P interface boundary conditions
> of

boundary ct

Remesh solid domain

Obtain press: and pressure of the

the interface interface.

Check coupled convergence
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Figure 2. Computational methodology.

This paper divided the model into a structural grid. As shown in Figure 3, the tube cross-section
was divided into butterfly grids. The model finally consisted of 84,728 cells, with 107,850 nodes.
Therein, the fluid region had 52,668 cells, the solid region had 16,632 cells, and the tube with
porous media for seepage had 15,428 cells. CFD-ACE SOLVER was chosen to carry out the entire
calculation for this paper, and an arbitrary Lagrangian-Eulerian (ALE) method was employed. The
first-order upwind difference scheme was used. A constant time step At = 0.02 s was employed in
this study. When the program was running, corresponding physical quantities such as pressure and
displacement transfer across fluid-structure interfaces through the coupling of the two sets of codes
until a convergence criterion (10~*) was reached for each time step. Repeated computations with a
finer grid (253,800 nodes, 205,386 cells) and coarser grid (33,165 nodes, 24,220 cells) were carried out.
Results showed that the alteration of maximum pressure at the same location of the fluid domain was
6% between the finer grid and the coarser grid, and alteration was 3% between the finer grid and the
grid in this paper.
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Figure 3. Grid division for the tube cross-section.

2.3. Calculation Examples and Parameters

In order to verify the reliability and superiority of the hemodynamic model proposed, five
calculation examples (see Table 1) were taken through changing the tube length, load conditions,
and cardiac cycle. All the calculation examples were based on the physiological parameters of the
descending aorta, and the transient flow was adopted for simulating actual the working state of a
blood vessel. The fluid in the tube was simplified as the Newtonian fluid of blood parameters, with
a density of 1050 kg/m> and a dynamic viscosity coefficient of 0.0035 Pa-s [14]. The density of the
flexible tube wall was 1120 kg/ m3, Young’s modulus was 0.5 MPa [15], and Poisson’s ratio is 0.49 [16].
The permeability of the porous media was 9.5 x 10~"m?, and the porosity was 100%.

Table 1. Five calculation examples and their parameters.

Calculation Examples I‘:z:zr:ﬁlel;}i’:i 1!“121:5;};53 Cardiac Cycle T
Example 1. Normal physiology 95x107° 1000 mm 0.8
Example 2. No seepage load N/A 1000 mm 0.8
Example 3. Short tube 9.5x 1077 200 mm 0.8
Example 4. Accelerated heart rate 9.5x 1077 1000 mm 0.6
Example 5. Decreased heart rate 9.5x 1077 1000 mm 1

All the calculation examples selected velocity inlet condition and free outlet, and the inlet
condition and outlet condition are shown in Figure 4. The inlet condition was velocity inlet, which
was used for simulating the process of cardiac impulse. Systole was 0-0.2 s, and the maximum systolic
velocity was 0.8 m/s [17]. Diastole ranged from 0.2 s to the end of a cardiac cycle. Inlet velocity at
this period was kept at 0 m/s to simulate the state of a closed heart valve without reflux. The average
Reynolds number was about 661, which was based on the average velocity of the inlet. The flow
regime was laminar flow. The outlet condition was pressure-free, i.e., the pressure was always kept
at 0 Pa. This not only eliminated the influence of disturbance from outer pressure factors, but also
achieved similarity with the physiological reality in the vein.

For the two calculation examples where the heart rate was changed, this paper assumed the
outflow after every heart pulse to be consistent. Thus one only has to change the length of the diastole
to achieve a change in the cardiac cycle. As shown in Figure 4, for different cardiac cycle calculation
examples, the systole was kept unchanged while the diastole changed. Accordingly, in the example of
normal physiology, heart rate was 75/min and cardiac cycle was 0.8 s (0.2 s for systole, and 0.6 s for
diastole); in the example of accelerated heart rate, heart rate was 100 min~! and cardiac cycle was 0.6 s
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(0.2 s for systole, and 0.4 s for diastole); in the example of decreased heart rate, heart rate was 60 min !

and cardiac cycle was 1 s (0.2 s for systole, and 0.8 s for diastole).
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Figure 4. Boundary condition of the flow field.

3. Results and Discussion

This paper firstly compared the calculation example with no seepage load. Using the index
of vascular pressure, the rationality of the liquid-solid coupling hemodynamic model with seepage
load proposed in this paper was analyzed. Then, through simulation of pressure wave propagation,
reflection, and other physiological phenomena in the blood vessel, the importance of the length of
the straight tube was analyzed, which supports the reliability of the model proposed. Finally, the
superiority of the model was discussed from the formation of secondary pressure wave in blood vessel
and the influence of cardiac cycle.

In the process of data analysis, in order to show the different variation forms in the entire flow
field at different positions, this paper selected five measuring points in the tube. All of them were
located in the center of the tube cross-section. As shown in Figure 1, the distances of the five measuring
points P1-P5 from the inlet were 0.1 m, 0.3 m, 0.5 m, 0.7 m, and 0.9 m, respectively. Under such a
configuration, we could comprehensively master the similarities and differences at each position of the
tube, through analysis of the pressure-time relationship at various measuring points of the flow field.
In addition, we could analyze phase differences of various feature points in one cycle.

3.1. Physiological Pressure Level

Calculation results showed that the influence of load on the flow field was tremendous. Thus,
between calculation examples with load and without load, the properties of flow field exhibited major
differences. In Figure 5, there is a comparison between the pressure results of calculation examples
with normal physiology and no seepage load. Therein, A is the systolic pressure of various positions
in the tube, B is the diastolic pressure, and C is the amplitude of the pressure in the tube. In the
example of normal physiology, the systolic pressure of all positions in the tube was maintained at
around 120 mmHg; the diastolic pressure was kept at 80 mmHg, and the amplitude of pressure at
30-40 mmHg. These observations accorded with the physiological reality. In the example without
seepage load, the systolic pressure near the inlet was 29 mmHg, while that near the outlet was 6 mmHg.
The diastolic pressure near the inlet was —32 mmHg, while that near the outlet was —6 mmHg. With
the approach to the outlet, the amplitude decreased continuously. It can be seen that the use of pressure
alone as the outlet condition led to a larger negative pressure, and the pressure amplitude in the tube
was changing. These results do not accord with the physiological conditions. The seepage load played
a role in impeding flow in the model, which had a great effect on whether the fluid would be stored
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in the deformation of the tube wall. Thus the pressure in the tube was redistributed and reached the
physiological pressure level.

—=a— Normal physiology —=— Normal physiology
1800 —e— No seepage load 1200 —— No seepage load

—a ]
1600 _\.—././' 120 1000
14000 —~
_ 100 5 = 800! B0 D
& 1200 £ [ €
< E o 6000 £
2 Bo £ E o T
5 1000¢ 1] 2 g
2 Z g 400 L g
o % 0 o o 2000 a
© e 5 ©
S 600 o ] 2
@ 400 P </£>' e 200 //. §
T — -
T po e 20
200 . e
— -400 «
0 02 04 06 08 ! 00 02 04 06 08 10
Location (m) Location (m)
(@) (b)

—=a— Normal physiology
200 —— No seepage load

6000

oy
]

=
S

400

™
S
Pressure Amplitude(mmhg)

Pressure Amplitude (Pa)

0 0. 04 06 08 T3
Location (m)

()

Figure 5. Comparisons of pressure in the examples with seepage load and pressure-free outlet:
(a) maximum vascular pressure; (b) minimum vascular pressure; (c) pressure amplitude.

Through studying the process of the flow field developing in the tube, the internal mechanism
of how the normal physiology example maintained the physiological pressure level can be revealed.
When the load had a very strong hindering effect, the fluid entering the flow field was not able to flow
out completely. Part of the fluid was stored in the deformation of tube wall and participated in the next
cardiac cycle. Thus, the initial pressure of the second cycle would be increased. After several cardiac
cycles, when the initial pressure of the flow field increased to a certain level, the newly input fluid was
able to pass through the load and flow out of the flow field in one cycle. Accordingly, the fluid in the
tube resumed a stable state, and the initial pressure of flow field also reached a dynamic balance.

Figure 6 is the curve of pressure change with time in the flow field of the normal physiology
example, which shows the whole process of flow field developing from completely static to stable. The
five lines in the figure represent the five positions from inlet to outlet in the tube. The time ranged from
0sto 16 s, with 20 cycles in total. It can be seen from the figure that the pressure in flow field increased
rapidly from 0 s to 7 s, and gradually became stable after 7 s. The final pressure at all measuring points
in the tube was kept in the range of physiological pressure of 80-120 mmHg. This indicates that the
load influenced the total fluid quantity stored through the elastic deformation of tube wall, which
further influenced the systolic pressure, diastolic pressure, and pressure amplitude in the tube.
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Figure 6. Changing process of pressure in the tube from static flow field (P1-P5 are five measuring
points distributing axially along the tube).

3.2. Pulse Wave Propagation

This model showed very complex phenomena in time and in space, which included the
propagation of pulse wave. When fluid entered the tube, fluid would be stored in the increased
flow field from tube wall deformation, which would not cause influence for downstream flow field
temporarily. Due to such property, the moments when the pressure wave peak occurred at various
positions of the tube were different. Figure 7 is the pressure nephogram of the tube cross-section,
wherein A, B, C, and D represent four moments (0's, 0.1's,0.16 s, and 0.2 s, respectively). From the
nephogram, we can clearly observe the propagation of the pressure wave peak, that is, the propagation
of the pulse wave. At the initial moment, the pressure in the tube was maintained at a stable value.
At 0.1 s, inlet velocity just reached the wave peak, and the inlet pressure reached the maximum. At
0.16 s, the pressure wave peak started to move forward, and the pressure decreased on both sides of
the wave peak. Until0.2 s, the pressure wave peak was near the outlet. Comparing the flow field of
these moments, the whole process of the pressure wave peak moving from inlet to outlet can be seen
distinctly. This is the same as the result of Olson’s research [18]. According to the academic monograph
of Fung [13], propagation of the pulse wave exists widely. Therefore, it is necessary to take the effect of
the pulse wave into account in hemodynamic simulations.

Results of the short tube example show that the difference in peak occurring moment was small.
As shown in Figure 8a, the pressure peak values in tube all occurred at 0.18 s. The tube with a length
of only 200 mm failed to show the phenomenon of pressure wave propagation. Comparatively, in the
model of this paper, the tube length was the same as the actual aorta length. This provided the flow
field with enough developing space. It follows that tube length is one of the essential conditions for
simulation results to accord with the physiological reality.

Through data treatment, the moments when pressure peaks occurred at five measuring points
were obtained and subjected to linear fitting, as seen in Figure 8b. It can be seen that the measuring
point P1 at 0.1 m away from the inlet reached the pressure maximum first. Other measuring points
showed the pressure peak value successively; the closer to the inlet, the earlier the peak occurred. The
two measuring points at 0.1 m and 0.9 m away from the inlet had a time difference of 0.12 s in the
occurrence of pressure peak. Through the linear fitting for peak-occurring moments, we can obtain
the relationship between peak-occurring moment and the distance from inlet. According to the fitting
result, the velocity of the pulse wave in the tube was 6.25 m/s, which is close to the actual pulse wave
velocity [19]. Also, it is the same as the one-dimensional pressure wave velocity [20]. This confirms
that this model was able to correctly simulate the pulse wave propagation in human aortas.

275



Appl. Sci. 2016, 6,28

avaoce (19
=)
@©
©
g

3

I

I

i

(o2}

o
H H
£ [
5 i

Flow downward

Flow downward

Figure 7. Pressure nephograms (A. t=0s;B.t=0.1s5;C.t=0.165;D. £ =0.2 5).

v " : = The Pressure peak moment
¢ Pressure peak moment —— Linear Fit of The Pressure peak moment

0.3 0.24
Short tube case

0.2

0.2

o
N

0.1

0.1

The Pressure peak moment (s)
°
@

The Pressure peak moment(s)

Value Standard Error
Intercept 0.1 0.00663
Slope 0.16 0.01155
[ LES 6 08

Location (m)

080 o 710 0TS 020
Location (m)

(@) (b)

Figure 8. Moments corresponding to the pressure peak and their fitting results: (a) peak-occurring
moments in short tube example; (b) peak-occurring moments in a normal physiology example.

3.3. Pulse Wave Reflection

Another phenomenon shown in the model is the reflection of the pulse wave. When pressure
propagated to the load interface, seepage load played a hindering effect. Accordingly, not all the fluid
was able to flow out of the flow field smoothly; part of it would be held in the flow field. At this time
the tube wall near the outlet would expand, and the pressure would increase accordingly. When the
pressure downstream was larger than that upstream, it would also propagate back towards the inlet,
producing a reflection wave. If the pulse wave is taken as a major pressure wave, this reflection wave
is typically called a secondary pressure wave. By overlapping this reflection wave with the incoming
major pressure wave, a pressure-time curve with double wave peaks can be produced. In previous
studies, such a curve failed to be simulated. However, in the results of physiological measurement and
of simulation by our model, such a curve shape with a double wave peak was visible.

Figure 9 shows a pressure-time curve, plotted with the observations of two measuring points at
0.3 m and 0.7 m away from the inlet. We can clearly see the double peak structure from the figure. The
pressure-time curve was formed through the overlapping of a major pressure wave and a reflection
wave; the reflection wave was obviously smaller than the major pressure wave. Comparing the curves
of the two measuring points, it can be seen that though the difference between major pressure waves
was not large, there was a significant difference between reflection waves.
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Figure 9. Pressure-time curves of measuring points: (a) P2 (0.3 m); (b) P4 (0.7 m).

This paper studied the occurring moments of the major pressure wave peak and reflection wave
peak, as shown in Figure 10. It can be seen that the occurring moments of major pressure peak were in
linear relationship with distance. However, the reflection wave peak presented a non-linear feature,
e.g., the peak-occurring time was earlier at the position of 0.3 m than at the position of 0.1 m, while it
was earlier at the position of 0.7 m than at the position of 0.9 m. This exactly suggests that secondary
pressure wave is also propagated in the form of a wave. As shown by marks of the figure, the major
pressure wave was a non-reflected primary pressure wave, propagating towards the outlet. However,
at the positions of 0.3 m and 0.1 m, the pressure waves were secondary pressure waves that have been
reflected once by the load and hence propagated towards the inlet. Similarly, the pressure waves at
0.7 m and 0.9 m were the third pressure waves that experienced another reflection by the inlet, and
propagated towards the outlet again. Conclusively, in Figure 9, the reflection wave at 0.3 m was the
secondary pressure wave undergoing one reflection, and that at 0.7 m was the third pressure wave
undergoing two reflections. That is why there was a large difference between the magnitudes of
reflection waves at these two positions.

Through comparing with physiological measurements [9], it can be seen that the secondary
pressure wave simulated by the model of this paper accords with the physiological reality. Without the
coupling of liquid-solid-porous media seepage, it is impossible to simulate this physiological blood
pressure, which is produced by repeated reflections and overlapping of pressure waves. In addition,
this complex wave shape produced a profound influence on the flow field by influencing the tube
wall deformation. The wall shear stress and other flow field parameters would change accordingly.
Therefore, the simulation of this paper accords with the physiological reality, and this complex wave
structure is also an important guarantee for the correctness of the study later.
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Figure 10. Moments corresponding to major pressure peak and reflection wave peak.
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3.4. Influence of Cardiac Cycle

In order to verify the reliability of the model in terms of physiological parameter change, this
paper used the cardiac cycle as the study subject. In human physiological phenomena, a change in
the cardiac cycle has a great influence on the pressure in a blood vessel. The blood flux output after
every cardiac pulse is fixed. However, with a change in the cardiac cycle, the time of fluid flowing
out of the flow field will change, and the pressure required by a fluid to pass through the load will
increase, finally influencing the pressure in the tube. Therefore, the pressure change caused by heart
rate is not only related to flux but also has a close connection with vascular wall deformation and load.
It can be seen that the influence of the cardiac cycle on vascular pressure is produced by a coupling of
multiple factors, and all factors in the system are required to accord with the physiological reality. In
a numerical simulation, a short straight tube could not meet the needs of storing fluid, and normal
pressure outlet conditions could not change with the tube's flow field. Hence, both could not simulate
the pressure change caused by cardiac cycle change. Comparatively, the model in this paper provides
fluid with enough developing space and storing ability, as well as the load condition changing with
the flow field. Therefore it can complete the task the numerical simulation cannot. This paper selected
two cardiac cycles (0.6 s and 1 s), and compared them with the normal physiology example.

First, this paper analyzed the systolic pressure and diastolic pressure of various positions under
the circumstances of different cardiac cycles. As shown in Figure 11, three lines represent the results of
the three calculation examples with cardiac cycles of 0.6 s, 0.8 s, and 1 s, respectively. It can be seen that
the shortening of the cardiac cycle brought simultaneous increases in diastolic pressure and systolic
pressure. When the cardiac cycle was 0.6 s, the systolic pressure was 140-150 mmHg and diastolic
pressure was 110-115 mmHg. When the cardiac cycle was 1 s, systolic pressure was 90-100 mmHg
and diastolic pressure was about 60 mmHg. The above described pressure change was the same as the
actual changing principle of human blood pressure under rest and motion states. Thus the change of
vascular pressure in our model accords with the physiological reality.
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Figure 11. Comparison of pressure in tube under different cardiac cycle (a) systolic pressure;
(b) diastolic pressure.

Secondly, this paper analyzed the changes of tube displacement under different cardiac cycles.
In Figure 12, three lines represent the tube displacement circumstances in the three examples, with
cardiac cycles of 0.6 s, 0.8 s, and 1 s. Figure 12a shows the initial displacement circumstance of tube
at 0 s. Figure 12b shows the circumstance of tube displacement at 0.1 s, when the peak occurred at the
inlet. Figure 12c shows the circumstance of tube displacement at 0.16 s, when the peak had not reached
the outlet. Figure 12d shows the displacement circumstance at 0.2 s, when the peak reached the outlet.
It can be seen that when the cardiac cycle decreased, tube wall deformation increased markedly, and
vice versa. The inlet pressure reached its peak value at 0.1 s. The pressure peak moved forward at 0.16 s
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and arrived at the outlet at 0.2 s. However, like the pressure distribution, the curve shape changed
little under different frequencies. This illustrates that the cardiac cycle has limited influence on the
change of flow in the tube, and the pressure change is mainly caused by a change in the fluid amount
stored through tube wall deformation.
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Figure 12. Comparison of tube wall deformation under different cardiac cycle lengths: (a) 0's; (b) 0.1 s;
() 0.16's; (d) 0.2 s.

With the coupling effect of three major systems, the proposed model successfully simulated the
pressure changes in the tube only by adjusting cardiac cycle length. The simulated pressure changes
have been proved to accord with the actual physiological features. This illustrates that the model
of this paper is a well-developed and reliable system, which is able to show comprehensively the
transition process of the circulation system under different states.

4. Conclusions

Conclusively, the liquid-solid coupling hemodynamic model built in this paper considering
microcirculation load effect is able to effectively simulate pulse wave propagation and reflection. It
can also reflect the physiological features of human aortas and circulation system. The model is a
hemodynamic model according with actual physiological process. Through data analysis, it was
revealed that in the human blood circulation system, the coupling relationship of liquid, solid, and
porous media seepage is exactly the deep reason why the various complex flowing phenomena of
human blood occur in the circulation process. The effects of the propagation and reflection of the pulse
wave should not be ignored in hemodynamic simulations. Meanwhile, through this model, we were
able to simulate the motion and physiological features of flow in a blood vessel more rationally. This
study thus provides an important theoretical foundation and technical methods for analyzing cause,
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development, and clinical treatment of atherosclerosis, aneurysms, high blood pressure, and other
cardiovascular and cerebrovascular diseases in the future.

The constitutive equation of microcirculation load has a great influence on the bloodstream, and
has decisive influence on various phenomena in the flow field. Therefore, in hemodynamic study and
simulation, the influence of microcirculation load must be considered. The simulations will achieve a
better correspondence with human physiology through deep study of microcirculation load properties
and improving the constitutive equation of the model.

The model is able to realize the transition of the circulation system under different flow field
conditions, providing the possibility of simulating the dynamic condition of the human circulation
system. Through studying dynamic properties, we cannot only analyze the properties of the blood
circulation system under different physiological states, but also simulate the transition process of the
human body between different physiological states. These have important meanings for research on
aneurysms and other blood diseases.

However, the present work is limited by physiological inaccuracies in the geometrical shape of
the models. Further work will be conducted on the simulation in actual arterial geometries extracted
from CT angiography or MRI. High-precision grids will be employed. In addition, the effect of
non-Newtonian fluid on the small arteries will be considered.
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