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Abstract: The Special Issue on Bioinformatics and Com-
putational Biology in the Journal of Research and Develop-
ment on Information and Communication Technology (ICT
Research) aims at bringing together researchers in Vietnam
for exchange of new developments in all areas of bioinformatics
and computational biology.

Keywords: Bioinformatics, computational biology.

In the last ten years, since the Human Genome Project [1]
and the development of the next-generation sequencing
technologies, the cost for whole-genome sequencing has
reduced substantially. A number of large-scale human
genome projects have been launched to characterize genetic
variation at both global and specific population levels,
finally created large-scale genetic databases. The produced
databases from these massive sequencing projects have
been used to implement association mapping studies of
complex disorders and other phenotypic traits. The avail-
ability of genetic databases has facilitated the integration of
genetic factors into risk prediction models. A polygenic risk
score (PRS) combines the effect of many single nucleotide
polymorphisms (SNP) into a single score, and has lately
been shown to have a clinically predictive value in various
common diseases.

In this special issue, the first study of Nguyen Tran
The Hung and Le Duc Hau [2] aims to articulate the
evidence supporting the clinical usage of PRS, the con-
cepts behind the validity of PRS, approaches to implement
PRS in Vietnamese population and cautions in selecting
methods and thresholds in developing an appropriate PRS.
In addition, the genetic databases have paved the way for
the study of evolutionary relationships among populations
by phylogenetic trees. Computational methods for building
phylogenetic trees from gene/protein sequences have been
developed for decades and come of age.
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The next study of Le Sy Vinh [3] analyses widely-used
methods to construct large phylogenetic trees, and available
methods to build phylogenomic trees from whole-genome
datasets. It also makes a recommendation for best practices
when performing phylogenetic and phylogenomic analyses.

Finally, the next-generation sequencing technologies have
also facilitated the study of liquid biopsies for tracking the
genomic evolution of tumors over time with application
in cancer early detection by analyzing cell-free DNA. The
liquid biopsy technology helps avoid the need to conduct
repeated biopsies, thus reduce the risk for patients. The last
study of Nguyen Ngoc Tran [4] summarizes major advances
in liquid biopsy assay technologies and discusses the types
of cancers that most likely benefit from early detection.

Through these researches, a picture of advanced applica-
tions of next-generation sequencing technologies especially
in Vietnam has been depicted and summarized.
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Abstract: Recent technological advancements and availabil-
ity of genetic databases have facilitated the integration of
genetic factors into risk prediction models. A Polygenic Risk
Score (PRS) combines the effect of many Single Nucleotide
Polymorphisms (SNP) into a single score. This score has
lately been shown to have a clinically predictive value in
various common diseases. Some clinical interpretations of
PRS are summarized in this review for coronary artery
disease, breast cancer, prostate cancer, diabetes mellitus, and
Alzheimer’s disease. While these findings gave support to the
implementation of PRS in clinical settings, the populations
of interest were derived mainly from European ancestry.
Therefore, applying these findings to non-European ancestry
(Vietnamese in this context) requires many efforts and cau-
tions. This review aims to articulate the evidence supporting
the clinical use of PRS, the concepts behind the validity of
PRS, approach to implement PRS in Vietnamese population,
and cautions in selecting methods and thresholds to develop
an appropriate PRS.

Keywords: Genetic, clinical, single nucleotide polymoyphism
(SNP), polygenic risk score (PRS).

I. RENEWED INTEREST IN POLYGENIC RISK SCORE
1. Definition

A Polygenic Risk Score (PRS) in the context of genetic
studies is a mathematical aggregation of risk effects con-
ferred by many Single Nucleotide Polymorphisms (SNP).
Each SNP contributes a small effect to the development of
a disease or a complex trait of interest. In the early days
of Genome-Wide Association Study (GWAS), researchers
expected to find genetic variants that have a large effect
on disease risk [1]. While the sample size of GWASs has
already surpassed hundreds of thousand of individuals, they
failed to capture the genetic variants that can explain the
heritability of common diseases, such as breast cancer,
prostate cancer, coronary artery disease, diabetes mellitus,
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Alzheimer disease [2]. Therefore, there is a growing interest
in combining all the small SNP effects into a single score
that has significant and applicable values [3, 4].

2. PRS Calculation

In its simplest form, the PRS of an individual can be
calculated as the sum of all effect sizes of the effective
alleles observed in its genotype. The formula to calculate
the PRS is given as follows:

PRS; = Z)Cij X Ej,
=1

where PRS; is the risk score for the i individual, m is
the number of SNPs included in the calculation, x;; is the
genotype of the i" individual for the j™ SNP (can be 0, 1,
or 2 depending on the inheritance model), and B ;i is the
effect size of the j™ SNP, usually obtained from GWAS
summary statistics [4].

Although the concept of PRS is as old as the finding
of genetic materials (DNA), modern technology allows the
integration of more genetic variants and more precise effect
sizes. Therefore, there are numerous considerations and
thresholds related to developing and validating the formula
of PRS that are still controversial [5].

3. Advancements in the Field of Genetics

At this junction, there are many developments of tech-
nology and findings of new studies that facilitate the
development of PRS. The availability of various popula-
tions’ reference human genomes can be accessed publicly
in the 1000 genomes project [6]. Thousands of GWASs
comprise of up to millions of samples. These GWAS
summary statistics data can be easily accessed through the
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“GWAS Catalog” [7], which is an online database with
more than 4000 published studies.

New analysis methods for developing the PRS without
relying solely on genome-wide significant hits continue to
appear, such as Clumping + Thresholding [8], Penalized
Regression [9]. The access to large genotype and phe-
notype data of large longitudinal cohorts becomes eas-
ier through online databases such as “dbGAP” [10] and
“UK biobank” [11].

II. CLINICAL USAGE OF PRS

While making clinical decisions, doctors often have to
classify the susceptibility of a patient based on known risk
factors. This disease risk classification is very important in
providing an appropriate recommendation for the patient.
A group of individuals having certain risk factors could
have higher relative risk than the general population to
guarantee different clinical management. If existing medical
intervention can provide more benefits than adverse effects,
with reasonable costs, this group of high-risk individuals
would receive more benefits from it. Recent studies have
suggested that genetic profiling using the PRS can provide
some clinical utilities [12].

PRS analysis and its interpretation revolved around some
situations: risk prediction performance of PRS indepen-
dently or in combination with other non-genetic risk factors
and estimation of lifetime risk trajectories. Some recent
studies have proposed some clinical interpretations of PRS
that can modify therapeutic intervention, disease screening
and life planning [13]. This review highlights some recent
findings of PRS in certain common diseases: coronary
artery disease, diabetes mellitus, breast cancer, prostate
cancer and Alzheimer’s disease.

1. Coronary Artery Disease

Clinical risk scores like the Framingham risk score is
a traditional tool in evaluating 10-year coronary artery
disease (CAD) risk [14]. This score uses clinical risk factors
to score each individual and infer his chance of developing
CAD in the next 10 years. Abraham et al. have proved that
integrating the PRS in traditional clinical risk model can
better capture the lifetime risk of CAD in patients [15].
This argument was supported by better C-statistic (measure
of goodness-of-fit) in the combined model as compared to
the clinical one. More importantly, men in the top quintile
of PRS had 10% cumulative CAD risk around 15 years
earlier than men in the bottom quintile.

In the primary prevention setting, statin can be used to
treat atherosclerosis and reduce the risk of cardiovascular
events [16]. The PRS can identify a group of patients
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Figure 1. CAD incident by PRS group in statin primary prevention trial.
Adapted from a study by Natarajan et al. (2017) [17]. **: chi-square test
with p-value < 0.01. ***: chi-square test with p-value < 0.001.

having high genetic risk for CAD, who can receive more
benefits from primary prevention with statin therapy [17].
Patients having the top quintile of PRS have higher risk of
subclinical atherosclerosis and receive greater absolute risk
reduction of CAD event from statin therapy (Figure 1).

2. Breast Cancer

Breast cancer screening has been recommended for
women older than 50 without major risk factors for a long
time [18]. The reasoning behind screening for breast cancer
in women older than 50 is reducing disease mortality and
decreasing false positive diagnosis. A study by Pashayan et
al. argued that a well-defined risk-stratified screening strat-
egy would improve the quality of life of women and save
resources [19]. Based on this risk/benefit threshold, a risk
prediction model combining clinical risk factors and the
PRS could identify a subgroup of women who had relative
risk of developing breast cancer higher than that of 50-year-
old women [20]. These high-risk individuals could benefit
from earlier screening tests and assertive lifestyle change to
reduce certain risk factors. The women in the top quintile
of PRS could have the same relative risk as average 50-
year-old women around 5-10 years earlier (Figure 2).

3. Prostate Cancer

Current medical guideline suggests that the age to con-
sider prostate cancer screening is 50 years for average-risk
men as long as life expectancy is at least 10 years [22].
A study by Seibert et al. [23] argued that the PRS was a
significant predictor for the age of prostate cancer onset. It
was also a relatively inexpensive evaluation of individual’s
benefits from prostate cancer screening.
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Figure 2. Cumulative breast cancer risk stratified by PRS quintile. Adapted
from a study by Maas et al. (2016) [21].

4. Diabetes Mellitus

Early detection of individuals with high risk of type 1
diabetes (T1D) allows better monitoring and prevention of
disease progression. Redondo et al. evaluated the perfor-
mance of PRS on T1D patients’ relatives without diabetes
and with one or more positive autoantibodies [24]. Pro-
gression to T1D was best predicted by a combined model
of PRS, number of positive auto-antibodies, DPT-1 Risk
Score [25], and age. Individuals at high risk of developing
T1D can benefit from monitoring and prevention trials.

A prospective cohort study by Lall er al. [26] used
a PRS that had the strongest association with type 2
diabetes (T2D) in a population-based cohort and evaluated
its performance on a prospective individual risk assessment.
The hazard for incident T2D was more than 3 times higher
in the top quintile of PRS, as compared to others.

5. Alzheimer’s Disease

One of the most common causes of dementia is
Alzheimer’s disease. Desikan et al. studied the PRS per-
formance in stratifying Alzheimer’s disease risk [27]. This
study argued that the PRS could be integrated into screen-
ing for individuals with age-specific high genetic risk for
Alzheimer’s disease. This finding has not been found its
use in clinical settings yet, but may prove to be useful for
therapeutic trials.

III. VALIDITY OF PRS
1. Construct

When the PRS was constructed, it was assumed that
SNPs had additive effects on the disease. Because of the
large number of SNPs and its unexplained characteristics
with the disease of interest, GWAS typically chose the
additive model for statistical analysis [28]. However, the
biological reality is assuredly more complicated than that.
The mode of inheritance of a SNP could be additive,
multiplicative, recessive or dominant [29]. Performing only
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additive model tests could avoid multiple comparisons but
overlooked the other inheritance models. Besides, when
the gene-gene interaction and gene-environment exposure
were taken into account, the model became much more
complicated and current statistical methods could not keep
up with this complexity [30, 31].

2. Content

In the context of implementation, the PRS was used to
predict the genetic disease risk of common diseases. The
content of the PRS needed to capture all of the genetic
variations with the purpose of reflecting the genetic liabil-
ity of the disease. However, for many common diseases,
genetic variation only accounted for a small portion of the
disease phenotype [2].

The diagram in Figure 3 illustrates the contributing
factors to T2D development and the way some T2D-risk
prediction model were constructed. Conceptually, the SNPs
having effect on a complex trait such as T2D consist
of SNPs that modified intermediate phenotypes (blood
pressure, BMI), which eventually contribute to the risk of
T2D. These intermediate phenotypes present themselves
as clinical risk factors. T2D is also affected by factors
independent with genetics such as age, lifestyle (Figure 3).

The conventional risk prediction model used for T2D in
clinical settings only included clinical risk factors [32]. Re-
cent findings in the field of genetics suggested that combin-
ing clinical risk factors and the PRS could improve the cur-
rent risk prediction model and the cost-benefit metrics [33].
The caveat of this approach was that many clinical risk
factors are not independent with genetics. The combined
prediction model might have the effect of genetic factors
and clinical factors of the same pathogenic mechanism
counted simultaneously (e.g., the effect of SNPs associated
with blood pressure and the effect of clinical high blood
pressure were both included in the prediction model in
Figure 3). Although the combined model showed improved
C-statistic, a single mechanism (blood pressure/BMI) was
counted twice: one in the genetic feature and the other
in the clinical one. The outcome would be biased toward
that mechanism. Another approach was to evaluate the
prediction model only with the PRS, stratified by age [26].
This approach highlighted the independent nature of the
PRS and visualized the cumulative risk of the disease of
the high-risk group compared to the general population.

3. Criterion

Whether the PRS has valid predictive power depends on
the specific disease and population. A review by Duncan et
al. [34] found out that the majority of PRS studies included
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Figure 3. Risk factors of T2D and content of the prediction model for T2D.

European ancestry and East Asian ancestry participants. A
PRS derived from the European population had lower per-
formance in the non-European population. As a result, if we
wanted to apply PRS utilities in the Vietnamese population,
we had to improve methodological choice and threshold to
accommodate the difference in linkage disequilibrium and
variant frequency between Vietnamese and European/East-
Asian. The clinical utility of the PRS needed to be validated
in a prospective cohort study [35].

IV. IMPLEMENTING PRS IN VIETNAMESE
POPULATION

1. Method to Read DNA

Genotyping is a method of determining which genetic
variants an individual possesses. SNP microarrays allow
detection of hundreds of thousands of pre-determined
SNPs. In genetic research, SNP arrays are most frequently
used for GWASs. A commercial genotyping array included
around 500,000 SNPs and cost around 100 USD [37].

Sequencing is the process of determining the DNA
sequence, which is the exact order of DNA’s bases: adenine
(A), guanine (G), cytosine (C), and thymine (T). Whole-
genome sequencing and whole-exome sequencing are more
expensive but they allow a more precise detection of
genetic variations (e.g., structural variants). Depending on
the region, a given stretch of sequence may include some
DNA that varies between individuals, in addition to the
constant region. Thus, sequencing can be used to determine
the genotype of an individual for known variants, as well
as identify variants that may be unique to that person [38].
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The cost of genotyping array is lower and, thus, more
suitable for large scale research in the population. However,
the commercial genotyping array used in GWAS has a
strong ascertainment bias because SNPs are chosen from
European individuals [39]. The best way to overcome
this problem is to design an SNP-array suitable for the
Vietnamese population.

2. Available Databases

The 1000 genome project, which shared reference
genome from diverse populations, contained over 88 million
variants from 2504 individuals [6]. It provided a broad
representation of human genomes in different populations
and ethnicities. This database contained 101 Vietnamese
individuals (Kinh ethnic from Ho Chi Minh city). The
availability of the Vietnamese reference genome is very
important for researchers who are interested in conducting
genetic research in Vietnam. The more references there are,
the better it can represent Vietnamese human genomes.
As a result, risk prediction based on genetic factors will
be more reliable and accurate. To this end, a Vietnamese
genetic database is being built [40]. As data grow larger, the
prospect of implementing genetic findings in Vietnamese
clinical settings become more imminent.

Of course, this is only the first step in genetic research
in Vietnam. In order to catch up with international re-
search and development, Vietnam still has a long way
to go. There are some established databases of human
genotype-phenotype like dbGaP [41] and PheGenl [42].
These databases allow researchers to share their datasets
and to perform large scale and complex analysis on various
diseases. A genotype-phenotype database of the Vietnamese
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Figure 4. Resources of genetic studies and PRS analysis. Adapted from a tutorial by Choi et al. (2018) [36].

population for replicating published genetic findings is
sorely needed. The availability of such a database will
facilitate the replication of PRS research with high applica-
bility and will optimize the predictive performance in the
Vietnamese population. Besides, replication of GWAS with
a large Vietnamese sample size will also provide valuable
information for genetic research.

V. POLYGENIC RISK SCORE ANALYSIS

Polygenic risk score calculation can be characterized by
two input data sets: the base data (the summary statistics
of the latest GWAS concerning the disease of interest) and
the training data (the individual genotype-phenotype from
the population of interest) as illustrated in Figure 4.

1. Quality Control of Input Data

Since the base data come from GWAS, input data must
be quality-controlled (QC) according to the standard of
GWAS. According to a tutorial on conducting GWAS by
Marees et al. [28], QC steps for a successful GWAS are:

1) Exclude SNPs that are missing in greater than 2% of
the subjects;

2) Exclude individuals with genotyping rate greater
than 2%;

3) Exclude individuals with sex discrepancies be-
tween recorded data and their X chromosome’s
heterozygosity;

4) Include SNPs with minor allele frequency (MAF)
above the threshold (based on the sample size of the
study, larger sample size can use lower threshold);
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5) Exclude SNPs that deviate from Hardy-Weinberg
equilibrium (for binary traits HWE p-value is less
than 10719, for quantitative traits HWE p-value is less
than 107%);

6) Exclude individuals with heterozygosity rate deviated
more than 3 standard deviations from the population
mean;

7) Perform principal component analysis on the training
data and using the first 10 eigenvectors as covariates.

All these steps can be done with plink 1.90 software [45].

Because base data and training data come from different
sources, some QC steps need to be taken according to
Choi et al. [36]:

1) Check the integrity of the transferred file with a
software like mdSsum [46];

2) Ensure that input data have genomic position of the
same genome build with LiftOver program [47];

3) Define the effect allele and the reference allele from
the base data since some GWAS summaries cate-
gorize the allele as risk allele/non-risk allele and
major/minor allele;

4) Process the ambiguous SNPs due to unknown chro-
mosome strand (sense/antisense) from different DNA
read platform; removing duplicated SNPs;

5) Ensure the independence of base data and training
data by removing overlapping samples and closely
related individuals (1st/2nd degree relatives);

6) Check chip-heritability from GWAS summary statis-
tics by using LD score regression [48] to avoid reach-
ing misleading conclusion (because the predictive
power of the PRS cannot surpass the power and
predictive accuracy of the base GWAS [49]).
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TABLE I
DIFFERENT METHODS OF COMPUTING PRS. ADAPTED FROM A STUDY BY CHOI ET AL. (2018) [36]

Clumping + thresholding

Penalized Regression

Bayesian Shrinkage

Shrinkage of SNPs’

Effect Size P-value threshold

LASSO, penalty parameters, Elastic Net

Fraction of causal SNPs

Handling of Linkage

Disequilibrium Clumping

LD matrix integral to the algorithm

Shrink effect sizes with respect to LD

Software PRSice [8]

Lassosum [43] bigstatr [9]

LDpred [44]

2. PRS Calculation

After QC has been performed, PRSs are calculated for all
individuals in the training data. There are many methods to
calculate the polygenic risk score (see Table I), but a good
method has to take into account the following factors. The
first factor is the effect sizes of SNPs taken from GWAS
summary statistics. These effect sizes consist of true associ-
ation with the disease and some degree of unknown random
variations which produce “winner’s curse” effect among the
most significant SNPs. The second one is the number of
SNPs included in the calculation. And the third one is the
correlation among SNPs, i.e., linkage disequilibrium. LD
difference between base and training data can make the
PRS misestimate the risk of disease.

Clumping-and-thresholding is the most common method
to compute the PRS. Clumping in this context means
selecting the most significant SNP in a block of related
SNPs based on LD (usually > > 0.2). The p-value
threshold is usually genome-wide significant 5 x 1078 or
the threshold that maximizes the AUC is selected. The
clumping-and-thresholding method is fast and easy to use. It
can capture the independent effect of the SNPs. However, a
compelling criticism of this method is the removal of SNPs
in LD with arbitrary 72 value. Clumping-and-thresholding
is automated in PRSice software [8]. This is one of the
most common tools for computing the PRS. The processes
of calculating, evaluating and visualizing the result are
automated in the software.

Penalized regression is a method to integrate LD infor-
mation of the population of interest into GWAS summary
statistics. This technique allows for decreasing the variance
at the cost of introducing some bias. The selection of tuning
parameters A and s in the elastic net technique results in a
model’s best fit. This model is complicated to calculate but
performs better than the clumping-and-thresholding method
in a small sample size [9].

Bayesian shrinkage is a method that infers the mean
effect size of SNP based on a reference LD panel and
assumption of causal SNP fraction in the genotype. Simula-
tion and empirical data prove that this method outperforms
the clumping-and-thresholding method, particularly in a
large sample size [44, 50].

80

Penalized regression and Bayesian shrinkage lead to
millions of SNPs included in the PRS calculation. Most
of these SNPs have a negligible effect on individual risk
score. Their effect sizes are so small and would have been
zero if the effect size would be rounded up to 3 or 4 digits
after the decimal point. This approach aims to maximize the
C-statistics even if the majority of the included SNPs have
minimal effect on individual risk score [50]. This approach,
however, convolutes the PRS formula beyond the biological
and medical interpretation.

3. Optimizing PRS and Result Presentation

The association between the PRS and the phenotype
can be quantified with goodness-of-fit metrics such as the
estimate of effect size (beta for quantitative phenotype and
OR for binary phenotype), p-value of the null hypothesis
test of no association, explained variance (R?) and area
under the curve (AUC).

Explained variance is a statistical measure to quantify the
discrepancy between the PRS model and the observed phe-
notype. A higher percentage of explained variance means
a better association of the model, which also means that
the PRS has better predictive performance. In linear regres-
sion analysis for quantitative phenotype, explained variance
is the coefficient of determination. In logistic regression
analysis for binary phenotype, explained variance is the
pseudo-R?. Various types of pseudo-R? metrics are used in
epidemiology field. Among them, Nagelkerke R? is perhaps
the most popular [51].

The receiver operating characteristic curve illustrates the
true positive rate (sensitivity) versus false-positive rate
(specificity). The AUC represents the accuracy of the test.
A test with AUC between 0.9-1 is an excellent test. A test
with AUC between 0.5-0.6 is a worthless test [52].

Result presentation of the PRS analysis should emphasize
its relevant usage which is a prognosis of disease liability.
The main goal of the PRS is the identification of a group
of individuals with high-risk of disease based on genetic
factors. Therefore, the result should stratify the population
into distinct tiers of risk based on the percentile rank cut-
off value, usually top 1 percentile, top 10 percentile, top 20



percentile, etc., e.g., as presented in Figure 1. Generally,
the medical community has already defined the appropriate
level of risk versus benefits that justifies certain medical
interventions [53, 54]. When an individual is determined to
have high-risk for a disease, we can infer the relative risk
of said individual compared to the reference. The higher
the relative risk of said individual is, the more justified the
medical intervention becomes.

PRS analysis can also be represented based on age
(Figure 2). The cumulative risk of disease stratified by the
PRS can guide the decision at which age an individual can
benefit the most from a screening test [55]. This age-based
criterion can spotlight the balance of average risk of breast
cancer and the risk of harm due to the false-positive result.

4. Validating PRS Performance

A common concern in PRS analysis is whether the most
optimized PRS overfits the training data [56]. As a result,
applying said PRS to the general population can lead to
inflated results and false conclusions. The best strategy
to prevent overfitting of the PRS-based prediction model
is to validate its accuracy on an independent data set.
In the absence of an independent data set, the training
data can be divided into 2 separated data sets, one for
optimizing the PRS and the other for performing out-of-
sample prediction [57].

VI. CONCLUSION

The cost of reading DNA is becoming more and more
affordable through advancement of genotyping and se-
quencing technologies. Alongside the development of data
storage, new computing methods and abundance of dis-
ease databases, the PRS has provided better accuracy to
existing models of risk prediction for common diseases.
Consequently, individual clinical management (e.g., disease
screening and therapeutic intervention) can be personalized
based on individual genetic information. This genetic infor-
mation can be obtained at any point in life with a minimally
invasive procedure (e.g., blood draw or saliva sample)
and a single genotype data can be analyzed to provide
estimations for many diseases simultaneously. Although the
medical community still has doubt and hesitation regarding
implementation of the PRS, it will continue to improve and
have larger impact in the near future.
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Abstract: The phylogenetic tree is a main tool to study
the evolutionary relationships among species. Computational
methods for building phylogenetic trees from gene/protein
sequences have been developed for decades and come of age.
Efficient approaches, including distance-based methods, max-
imum likelihood methods, or classical maximum parsimony
methods, are now able to analyze datasets with thousands
of sequences. The advanced sequencing technologies have
resulted in a huge amount of data including whole genomes. A
number of methods have been proposed to analyze the whole-
genome datasets, however, numerous challenges need to be
addressed and solved to translate phylogenomic inferences
into practices. In this paper, we will analyze widely-used
methods to construct large phylogenetic trees, and available
methods to build phylogenomic trees from whole-genome
datasets. We will also give recommendations for best practices
when performing phylogenetic and phylogenomic analyses.
The paper will enable researchers to comprehend the state-of-
the-art methods and available software to efficiently study the
evolutionary relationships among species from large datasets.

Keywords: DNA sequence, evolutionary relationship, senome,
phylogenetics, phylogenomics, large dataset, protein sequence.

I. INTRODUCTION

Phylogenetic reconstruction is one of the most essential
means to study the relationships among species. Analyzing
the relationships among species shed light on the evolu-
tion of species. The phylogenetic information also enables
us to study the structures and functions of DNA/protein
sequences. Phylogenetic inference is an active research
field for decades, and phylogenetic tree reconstruction
methods based on molecular data have been developed
and employed to study the evolution of species in tens of
thousands of studies.

The evolutionary relationships among species are typ-
ically described by a binary tree where external nodes
represent for present species; internal nodes represent for
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Figure 1. A phylogenetic tree represents the evolutionary relationships

among species.

ancestors of species, and branches reflex connections and
genetic changes between species (see Figure 1). Compu-
tational approaches have been proposed and implemented
to construct phylogenetic trees based on several types of
data, including morphological characters and molecular
data, i.e., DNA sequences, protein sequences, or even whole
genomes. In this paper, we focus on phylogenetic inferences
from molecular data.

The first class of phylogenetic tree construction ap-
proaches is distance-based methods. The phylogenetic tree
is built based on genetic distances between sequences, i.e.,
species with small distance should be placed closely in the
tree. A number of distance-based methods have been pro-
posed to reconstruct large phylogenetic trees [1-3]. Among
them, the Neighbor-joining method and its improved mod-
ification [1, 2] have been used to build phylogenetic trees
for tens of thousands of evolutionary studies.



The maximum parsimony approach searches the best
phylogenetic tree that minimizes the number of changes
to explain the difference among species. The maximum
parsimony methods are simple, intuitive, and widely used
to build phylogenetic trees [4—7]. However, they suffer a
systematic limitation that they cannot describe complex
changes occurred along branches of the tree. Thus, the
maximum parsimony methods are suitable for analyzing
datasets of closely related species.

The maximum likelihood approach has been developed
to search for the tree that maximizes the probability of
data [8-11]. The maximum likelihood methods are nor-
mally better than distanced-based and maximum parsimony
methods, however, they are computationally expensive for
large datasets. Heuristic approaches have been proposed to
search maximum likelihood trees for datasets with thou-
sands of species. Currently, maximum likelihood methods
are most widely used for phylogenetic inferences.

The current sequencing technologies enable us to obtain
whole genomes of thousands of species. Building phy-
logenomic trees based on whole-genome data becomes a
common practice. Numerous challenges must be considered
when analyzing whole genomes, including computational
burden, the heterogeneity of evolutionary models for differ-
ent genes, or gene structural variation in the genomes. Both
computational methods, evolutionary models, and efficient
software must be expanded to handle all the requirements
when analyzing large genome datasets.

II. DATA AND MODELS
1. Data

Nowadays, molecular data, i.e., DNA and protein se-
quences are the most common data type used to study
evolutionary relationships among species. Each species is
represented by one or multiple sequences, even by its
whole genome. A DNA sequence (or genome) is coded
as a string of 4 different nucleotides, i.e., A, C, G, T,
while a protein sequence is described as a string of 20
different amino acid types. Each nucleotide/amino acid in a
DNA/protein sequence is called a character. Two characters
in two genomes are called homologous if they have derived
from the same common ancestor character. Generally, two
DNA/protein sequences are called homologous if they
originated from the same ancestor sequence. Note that we
are only able to obtain molecular sequences from current
species. In other words, we are not able to collect molecular
data from common ancestor species for our studies. The
data from ancestor species are normally inferred from the
data of their descendants.

Three common kinds of character changes during the
evolution are substitutions, insertions, and deletions. The
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TABLE I
A MULTIPLE SEQUENCE ALIGNMENT OF FOUR SEQUENCES WHERE ‘-’
CHARACTER REPRESENTS FOR INDELS

1 213 (4|5 |67

Human | A | G| A |C |G| C| -
Gorilla | A| G| A|C|G|C]|G
Monkey | C | G | A | C | A | - -
Dog C| G| - CcC| G| - -

substitutions will change the content of sequences. As
a result, two homologous sequences originated from the
same ancestor might be different. The insertion/deletion
events (indels for short) during the evolution resulted in
homologous sequences with different lengths. The first task
in phylogenetic analysis is to align homologous sequences
to create a multiple sequence alignment such that characters
at the same column are assumed to be homologous (see
Table I). The difference between homologous characters is
phylogenetic signals reflexing the evolutionary relationships
among species. A number of alignment methods have
been proposed to align DNA/protein sequences, notably
ClustalW [12] and Muscle [13]. They apply a progressive
aligning strategy to build a multiple sequence alignment
that minimizes the number of changes among sequences.
Multiple sequence alignments are the input for phylogenetic
or phylogenomic inferences.

2. Models

The substitution process of characters during the evolu-
tion is complex. It can be typically simplified and modeled
by a Markov process with following assumptions [14]:

o The rate of change from a character i to another nu-
cleotide j is independent of the history of nucleotide i
(Markov property);

o The substitution rate is time-homogeneous, i.e., con-
stant over the time course;

o The substitution between characters is time-
continuous, i.e., occurring at any time during
the evolution process;

o The frequencies of characters are at equilibrium
(stationarity).

The substitution process is represented by an instanta-
neous substitution rate matrix Q = {Q;;} where Q;; is the
number of substitutions from character i to character j per
time unit. Note that matrix Q is a 4x4 matrix for nucleotide
model or 20 X 20 matrix for amino acid model.

As usual, the substitution process in phylogenetic analy-
ses is also assumed to be time-reversible, i.e., the relative
substitution rates between nucleotide i and nucleotide j are
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TABLE II
THE SUBSTITUTION MODEL FOR NUCLEOTIDES

A C G T
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0= —rcr T
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G TGATA rGenc -rgc e rGT T
~rGT 7T
“ITATA
T FTATA rrcwc 'TGTG —rrcnc
-ITG TG

the same in both directions. As a result, the instantaneous
substitution rate matrix Q can be decomposed into a
symmetric relative substitution rate matrix R = {r;;} and
character frequency vector m. Technically, Q;; = m;r;; if
i # j, otherwise, Q;; = — X4 Qix (see Table II).

It is well known that the substitution rates are hetero-
geneous among character sites, i.e., the substitution rates
are normally fast at unimportant functional sites and slow
at important functional sites. The rate models have been
proposed to describe the rate heterogeneity. The widely-
used rate model in phylogenetic analysis is the combination
of a gamma rate model G and an invariant site rate
model / [15]. The gamma rate model G assumes that the
substitution rates at sites follow a gamma distribution that
can be approximated by a discrete gamma distribution with
several categories. The invariant rate model / assumes that
a certain portion of sites in the alignment is invariant.

The parameters of substitution models and/or rate models
can be directly estimated from the dataset under the study,
except the amino acid substitution models. The amino acid
substitution models consist of more than 200 parameters
that cannot be properly estimated from small or medium
datasets under the study. Normally, the parameters of amino
acid substitution models are empirically estimated from
large datasets [16—19].

III. PHYLOGENETIC ANALYSIS

Given D = {d,d»,...,d,} is a multiple sequence
alignment of n sequences with length /, where n sequences
representing n species, the phylogenetic tree reconstruction
method will build a binary tree T with n leaves representing
n sequences, and internal nodes representing ancestors. As
we do not have data from ancestors, it is hard to determine
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the root of a phylogenetic tree. Therefore, the phylogenetic
tree is typically represented by a binary unrooted tree. The
number of binary unrooted tree structures with n leaves is

i 4(2i-5) that increases exponentially with the number of
leaves. Searching the best tree for large n is computationally
expensive. A number of heuristic approaches have been
proposed to construct phylogenetic trees based on different
criteria. In this section, we will discuss three widely-used
approaches, including distance-based approach, maximum
parsimony approach, and maximum likelihood approach, to
build large phylogenetic trees.

1. Distance-based Approach

Analyzing the evolutionary relationships among species
based on genetic distances among species have been in-
troduced for more than fifty years [20]. The distance-based
approach builds a phylogenetic tree such that closely related
sequences with small distances should be placed nearby on
the tree. The distance-based method comprises two steps:
estimating the genetic distance matrix between sequences
and constructing a tree based on the distance matrix. The
genetic distance between two sequences can be efficiently
estimated using the maximum likelihood method. We note
that the accuracy of the estimated distance between two
sequences increases with the length of sequences.

Let D = {d,;} be a distance matrix where d;; is the
genetic distance estimated between two sequences i and j.
Let p;; be the length of the path connecting two sequences i
and j on the tree. The distance-based approach builds a tree
such that the path length p;; on the tree reflexes the distance
d;j on the distance matrix D for all pairs of sequences.
Minimizing the total square difference is the best statis-
tically justified distance-based objective [14]. Technically,
the distance discrepancy A(T) = 3'_, 3" (duy — Puv)?
is the objective function of the least square method. The
least square method will construct a tree T to minimize the
distance discrepancy A(T). Given a tree structure, the first
task of the least square method is the estimation of branch
lengths to minimize the function A(T). This task can be
efficiently solved by algebraic analysis [21]. As the number
of tree structures increases exponentially, searching the least
square tree is an NP-complete problem [22]. A number
of heuristic distance-based methods have been proposed to
solve the problem.

Among distance-based methods, neighbor joining
method (NJ) or its modified version BioNJ is the most
popular and widely used to construct large phylogenetic
trees [1, 23]. The NJ algorithm starts from a star tree of
n leaves, i.e., each leaf is directly connected to the root
and considered as a subtree. The NJ algorithm iteratively
joins subtrees to build a whole binary unrooted tree (see
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Figure 2. The neighbor joining algorithm to build a phylogenetic tree based on the distance matrix between sequences.

Figure 2). The total distance discrepancy based on the
star tree is considerably large, therefore, the NJ algorithm
step-by-step joins subtrees together to create a new subtree
consisting of the two subtrees. The NJ algorithm iteratively
joins two subtrees that helps to reduce the distance
discrepancy at most. The complexity of the NJ algorithm
is 0(n3), thus, it is suitable to build distance-based trees
for datasets containing several hundred sequences.

Other faster distance-based methods have been developed
to build trees with larger datasets. Vinh and colleagues have
proposed the shortest triplet clustering (STC) algorithm
with the complexity of O(n?) to build distance-based
phylogenetic trees for thousands of sequences (Vinh and
von Haeseler 2005 [3]). Consider two leaves x and y, let
7xy be the most common ancestor of x and y. The key idea
of the STC algorithm is the observation that if r, is the
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farthest internal node to the root of the tree, two leaves x
and y should be neighbors on the tree. The STC algorithm
uses the condition to iteratively group sequences to build
a whole tree. Experiments on a wide range of simulated
datasets showed that the STC algorithm was faster and
more accurate than the NJ method. In practice, the NJ
algorithm is still the most trusted and widely used distance-
based method.

2. Maximum Parsimony Approach

Maximum parsimony approach is a simple and intuitive
approach to construct phylogenetic trees from alignments.
The approach searches for the tree that requires minimum
number of changes along the tree (called the tree length) to
explain the difference between sequences [24]. Given a tree
with sequences at leaves, determining sequences at internal
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Figure 3. The stepwise addition algorithm to build a phylogenetic tree.

nodes to minimize the tree length can be efficiently solved
by dynamic programming algorithm [25]. However, the
number of tree structures increases exponentially with the
number of sequences, searching the maximum parsimony
tree is an NP-complete problem [26].

Several heuristic methods have been proposed to search
the maximum parsimony trees. The key search strategy
combines a stepwise addition tree construction method and
a hill-climbing optimization. The stepwise addition tree
construction method starts from a unique tree of three
sequences, then iteratively adds new sequences into the cur-
rent tree to construct a full tree of all sequences. A new se-
quence will be added into a branch of the current tree such
that the length of the new tree is minimal (see Figure 3). As
the stepwise addition tree construction method is a heuristic
method, the constructed tree is normally still far away from
the best tree. The constructed tree is further optimized by a
hill-climbing method based on subtree rearrangements such
as nearest neighbor interchange (NNI), subtree pruning and
regrafting (SPR), or tree bisection and reconnection (TBR).

The combination of stepwise addition tree construction
algorithm and hill-climbing optimization results in reason-
able trees, however, they are still local optimal trees. The
tree constructed by the stepwise addition tree construction
algorithm depends on the order of sequences adding to the
tree, i.e., different sequence orders result in different trees.
In an attempt to find the best maximum parsimony tree,
we can perform the search process several times. The tree
with the minimum length found will be considered as the
best tree. Several software has been developed to build
maximum parsimony trees from DNA/protein sequences
such as PAUP* [4], TNT [5], or MPBoot [6]. The TNT and

88

MPBoot have been designed to build maximum parsimony
trees with large datasets including thousands of sequences.
Note that, there might exist multiple most parsimonious
phylogenies for the same set of sequences. To solve the
problem, TNT and MPBoot software are also able to
quickly build bootstrap trees to assess the reliability of
constructed trees.

The maximum parsimony methods do not assume any
substitution model to represent the substitution process of
characters. As a result, the main drawback of maximum
parsimony methods is the inability of reflexing complex
changes of characters along branches of the tree, i.e.,
branches are not able to present parallel substitutions, back
substitutions, or multiple substitutions. Thus, the length
of maximum parsimony tree might underestimate the true
number of character changes when analyzing datasets with
largely diverse sequences. In other words, the maximum
parsimony methods are suitable for analyzing datasets con-
sisting of closely related species.

3. Maximum Likelihood Approach

Maximum likelihood approach has been developed to
overcome the limitation of maximum parsimony approach.
Given a multiple sequence alignment A = {ay,as,...,a,}
of n sequences with length /; and a substitution model
M, the maximum likelihood (ML) method determines an
unrooted binary tree 7 to maximize the probability of
alignment A based on tree 7 and model M. Specifi-
cally, determining 7" and M such that the likelihood value
L(M,T;A) = P(AIM,T) is maximum where P(A|M,T)
is the conditional probability of alignment A given tree T
and model M.

As usual, we assume that the substitution processes
among sites are independent, and follow the same tree T
and model M. Let a/ be nucleotides at position j™ in
the alignment A, the likelihood value L(M,T;A) can be
calculated from the likelihood values of all sites as follows:

1
L(M,T;A) = l_[L(M, T;al), (1

j=1

where L(M,T;a’) = P(a/|M,T), the conditional probabil-
ity of alignment a/ given tree T and model M.

The rate heterogeneity among sites should be taken into
account when calculating the likelihood of a tree 7. We
recall that the site rates can be described by a rate model
V combining an invariant rate model and a discrete gamma

distribution with C classes whose rates are ri,r2,...,rc,



respectively [27, Yang (1994)]. Technically, the likelihood
value of L(M,V,T; A) is calculated as follows:

1
L(M,V,T;A) =6 H L(inv;a’)+
j=1

!
(-0 [] & D Lrriad), @
j=1 c

where L(inv;a’) = P(a’|inv), the conditional probability
of a/ given that all characters at the site are identical
(invariant), and L(M,r.T;a’) = P(a’|M,r.T), the con-
ditional probability of a/ where r.T is the tree T whose
lengths are multiplied with rate 7.

Given a tree structure with sequences at leaves, a critical
task is determining branch lengths of the tree to maximize
its likelihood value. The task can be efficiently solved by
numerical analyses such as Brent or Newton-Raphson’s
methods. Searching the maximum likelihood tree is an
NP-Hard problem [28]. Numerous heuristic methods have
been proposed to build maximum-likelihood trees for large
datasets with thousands of sequences.

Maximum likelihood methods that use the combination
of stepwise addition tree construction algorithm and hill-
climbing optimizations have been developed for searching
maximum likelihood trees such as RAXML [10]. Similarly,
Guidon and Gascuel proposed the PhyML method for
building large maximum likelihood trees. The key idea of
the PhyML method is a quick hill-climbing method based
on NNI operations. The PhyML algorithm tries to per-
form multiple independent good swaps of nearest neighbor
subtrees simultaneously instead of performing one swap
per time. The strategy allows PhyML to handle datasets
with thousands of sequences, and result in reasonably good
maximum-likelihood trees.

The quartet-based approach is another strategy to build
phylogenetic trees. For each quartet of four sequences, there
are only three possible binary unrooted tree structures (or
quartet trees, see Figure 4). Thus, it is easy to determine
the maximum likelihood quartet tree. The quartet-based
approach starts from a unique tree of three sequences, and
iteratively adds new sequences into the current tree to build
a whole tree. The key idea of quartet-based methods for
inserting new sequences is the condition that if 7'(a, b|c, y)
is the best quartet tree of four sequences including a new
sequence y and three leaves a, b, c¢ of the current tree, the
new sequence y should not be placed on the path connecting
two leaves a and b. The quartet-based methods insert new
sequences into the current tree such that the condition is
hold for most of the available quartets.

Quartet puzzling method is the first quartet-based method
to build a maximum likelihood tree [29]. The method eval-
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uates all n* possible quartets to build a phylogenetic tree for
n sequences. It is able to handle datasets with a few hundred
sequences. To overcome the high complexity, the Important
Quartet Puzzling (IQP) method has been proposed to build
trees with thousands of sequences. The key idea of the
IQP method is the definition of the so-called “important
quartet” that consists of closely related sequences [9]. The
IQP method selects only n? important quartets to build a
phylogenetic tree. More importantly, the IQP algorithm is
combined with the quick hill-climbing optimization based
on the nearest neighbor interchange operations to further
optimize the quartet-based constructed tree. Experiments on
both real and simulated datasets showed that the combined
method, IQPNNI, found better maximum likelihood trees
than the PhyML method. Note that the IQPNNI method
was implemented to run in parallel mode to handle large
datasets [30].

The IQPNNI algorithm was improved into an efficient
stochastic search algorithm for building large maximum
likelihood trees [11]. They implemented IQ-TREE software
that combined quick hill-climbing optimizations and a
stochastic perturbation method to search maximum likeli-
hood trees. The IQ-TREE perturbs current local optimal
trees to escape from the current local optimal points and
subsequently optimizes the perturbed trees by quick hill-
climbing optimizations to search for the global optimal tree.
The searching process is repeated several times and the best
local optimal tree found will be considered as the best tree.
Experiments showed that IQ-TREE was better than both
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TABLE III
THE STRUCTURAL VARIANTS IN THE GENOMES.
1 2 3 4 5 6 7 8 9
Human | G1 | G2 | G3 | G4 | G5 | G6 | G7 | G8 | G9
Gorilla | G1 | G7 | G6 | G5 | G4 | G3 | G7 | G8 | G9
Monkey - G5 | G6 | G7T | G8 | G9 | G2 | G3 | G4
Dog - G5 | G6 | G7T | G8 | GY9 | G4 | G3 | G2

PhyML and RAXxML methods in a majority number of cases
tested. The IQ-TREE software is user-friendly and widely
used by biologists for studying the evolution of species from
molecular data.

IV. PHYLOGENOMIC ANALYSIS

Analyzing whole genomes to investigate the relationships
among species is a comprehensive and challenging prob-
lem. In phylogenetic analysis, a genome is separated into
a list of loci each corresponds to a gene or a region of
interest in the genome. Homologous loci are aligned to
create multiple sequence alignments. As a result, the input
for phylogenomic analysis is a list of multiple sequence
alignments. Phylogenetic tree construction approaches have
been expanded to build phylogenomic trees from a list of
multiple sequence alignments.

The first challenge in analyzing whole genomes is the
occurrence of structural variants in the genomes. Besides
variants occurring inside genes, other common types of
structural changes are gene insertions/deletions, gene in-
versions (inverting the order of genes in the genome),
gene transpositions (moving a number of genes in the
genome from one position to another position in the
genome), and inverted transpositions (combining both gene
inversion and gene transposition events into one event).
Table III demonstrates an example of structural variants
in the genomes, e.g., there is a gene inversion between the
human genome and gorilla genome (genes G3, G4, G5, G6
in the human genome were inverted into G6, G5, G4, G3
in the gorilla genome).

The structural changes resulted in genomes with different
structures. The structural difference between genomes can
be used as phylogenetic signals for studying the evolution
of species, i.e., the number of structural changes to explain
the structural difference between two genomes can be
considered as the genetic distance between the genomes
to evaluate their relationships. Overall, the genetic distance
between two genomes is a combination of character changes
inside genes and structural changes. Weighting and com-
bining these changes properly for estimating the overall
genetic distance between genomes enable us to build better
phylogenetic trees using distance-based methods [31].
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The second challenge when analyzing the genomes is
model selection. The evolutionary models including rate
models and substitution models might vary among loci. One
model cannot properly reflex the evolutionary process of all
loci. The phylogenomic analyses should use model selection
methods to assign a proper model for each locus. As esti-
mating model parameters is not strongly affected by the tree
structure, model selection methods normally include two
steps: building an initial tree and estimating model param-
eters based on the initial tree and the alignment. Building
an initial tree can be done efficiently by distance-based
methods such as NJ method. Provided that the initial tree is
reasonably close to the best tree, it is good enough to esti-
mate model parameters. Estimating model parameters for an
alignment based on the initial tree can be solved by numeri-
cal optimization methods such as Brent’s algorithm or more
efficient Broyden—Fletcher—Goldfarb—Shanno (BFGS) al-
gorithm. Software like IQ-TREE provides us options to
automatically determine the best model for each locus when
analyzing whole-genome datasets. Note that normally we
do not optimize parameters of amino acid models from
each alignment because each alignment does not contain
sufficient data to estimate a large number of parameters.

Finally, the computational expense is a critical burden
of phylogenomic inferences. A genome dataset contains
several dozens to thousands of genomes with the length
up to several hundred million nucleotides. To overcome
the problem, more efficient heuristic algorithms in terms
of both running time and memory requirement should be
developed to handle whole-genome datasets. As genomes
are separated into loci, parallel computing is a promising
approach to perform phylogenomic inference on individual
alignments simultaneously. Most of the current widely-used
phylogenetic software such as RAXML or IQ-TREE provide
options to conduct phylogenetic inferences in parallel.

V. DISCUSSIONS

Phylogenetic inference is a core study in molecular biol-
ogy. It is an active research field for several decades and the
main focus of prominent researcher groups. Phylogenetic
reconstruction for single or several genes perhaps come to
age. The distance-based methods are able to build large rea-
sonable phylogenies that could be used as starting points to
search maximum parsimony or maximum likelihood trees.
Nowadays, maximum likelihood methods such as RAXML,
PhyML or IQ-TREE are able to efficiently construct trees
with thousands of sequences.

All popular phylogenetic tree reconstruction software are
based on heuristic search methods, therefore, the results
from different software, or even from different runs of
the same software, might not completely congruence. It is



especially true when analyzing datasets whose phylogenetic
signals support polytomy tree structures. We recommend
researchers to perform bootstrap analyses to assess the
reliability of branches in the constructed tree. Although
phylogenetic bootstrapping is computationally expensive,
ultrafast bootstrap methods such as UFBoot2 [32] are able
to build large bootstrap trees in an acceptable time.

Determining proper evolutionary models (i.e., site rate
models and/or substitution models) for datasets under the
study is very critical in phylogenetic inferences. Using
wrong evolutionary models in analyzing data will lead to
inaccurate results [32]. The evolutionary models are nor-
mally selected from a list of existing models, and the model
parameters can be directly estimated from the input data.

The advance of sequencing technologies has produced
large genome datasets consisting of dozens to thousands of
genomes with the length up to billion nucleotides. The large
genome datasets provide us an unprecedented opportunity
to study the relationships among species from their whole
genomes. However, new efficient computational methods
should be developed for phylogenomic inferences. The
relationships among genomes should be analyzed at both
levels: point level (i.e., nucleotide/amino acid changes) and
structural level (gene insertions/deletions as well as gene re-
arrangements). Combining changes at both levels to have a
comprehensive evaluation is a new challenge for researchers
in phylogenomic analyses. Another challenge in analyzing
whole genomes is the heterogeneity of evolutionary pro-
cesses between loci. Thus, determining proper evolutionary
models is very critical when analyzing multiple genes or
whole genomes. Currently, several software such as IQ-
TREE are able to perform phylogenomic inferences for large
genome datasets.
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Abstract: Liquid biopsy, a concept introduced approxi-
mately a decade ago, refers to noninvasive approaches that
have become the focus of biomedical research. In clinical
oncology and research, the term liquid biopsy is used in
a broad sense as the sampling and analysis of analytes
including cell-free DNA from various accessible biological
fluids for diagnosis, prognosis and prediction of a therapeutic
response. This technology has the potential to be used in
tracking the genomic evolution of tumors over time. It may
also have therapeutic implications in terms of its ability to
detect actionable events or resistant subclonal populations
while avoiding the need to conduct repeated biopsies. This
paper briefly reviews the major advances in liquid biopsy
assay technologies and discusses the types of cancers that most
likely benefit from early detection.

Keywords: Cell-free DNA, liquid biopsy, cancer detection.

I. INTRODUCTION

Cancer has a significant impact on public health world-
wide. One approach to lower its burden is through cancer
screening and early detection. It is well established that
patients have a higher cure rate and 5-year survival if
diagnosed at early stages [1].

Tissue biopsy is the most widely-used tool for cancer
detection, staging, and prognosis, but sometimes tumor
tissues can be challenging to acquire. Moreover, it is
impractical to use tissue biopsy for cancer screening and
early diagnosis when the tumors are non-existent. Currently,
several methods have been proved useful for cancer preven-
tion such as mammography, Pap test and colonoscopy [2].
However, these screening methods have limited sensitivity
and specificity, as well as limited applicability to certain
cancer types. In order to perform large-scale cancer screen-
ing among healthy individuals, a more general and cost-
effective approach is crucial.

In recent years, the rapid development of next-generation
sequencing (NGS) technologies has led to a significant
reduction in sequencing cost with improved accuracy. In the
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area of liquid biopsy, NGS has been applied to sequence
circulating analytes. Analytes in the blood include cell-
free DNA (cfDNA), which in cancer patients contains
circulating tumor DNA (ctDNA), circulating extracellular
vesicles (e.g., exosomes, proteins, and metabolites) [3].
Collectively, these analytes can provide information about
features of primary tumors or metastases for screening and
early diagnosis of cancer (Figure 1).

In addition to the information about genomic mutations
and copy number alterations that is usually obtained from
cfDNA, liquid biopsies are increasingly being used to gen-
erate information about the transcriptome, the epigenome,
the proteome, and the metabolome. Among all analytes,
cfDNA has the potential to revolutionize detection and
monitoring of tumors. However, the methods reported to
date have been limited by modest sensitivity, applicability to
only a minority of patients, and the need for patient-specific
optimization. To overcome these limitations, several new
strategies have been developed for the analysis of cfDNA.

II. CANCER TYPES THAT BENEFIT FROM EARLY
DETECTION

1. Pancreatic Cancer

Pancreatic cancer patients will most likely benefit from
early detection by liquid biopsy. It is estimated that in 2019,
about 57,000 people will be diagnosed with pancreatic
cancer, which has fewer than 9% of patients surviving 5
years after diagnosis [4]. With no biomarkers for early
detection, the deadly nature of pancreatic cancer is largely
the result of late onset of symptoms when the cancer has
already metastasized. Chemotherapy for pancreatic cancer
involves conventional cytotoxic drug combinations but only
extends life by clinically unimpressive margin [5].

The prevalence of pancreatic cancer is low in asymp-
tomatic adults. Thus, an effective screening test for pancre-
atic cancer would have to be highly specific to achieve a
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Figure 1. Liquid biopsies track individual’s plasma for biomarkers such as DNA alterations, proteins, and metabolites released by tumor cells. Once
these biomarkers are analyzed, the data are used to train machine-learning algorithms to distinguish between cancerous and noncancerous blood samples.

reasonable positive predictive value and to minimize the
incorrect identification of healthy individuals. Currently
used circulating biomarkers for pancreatic cancer, such
as CA19-9, lack adequate sensitivity and specificity for
early diagnosis when used alone. Additional biomarkers,
including CA125 and LAMC2 have been investigated in
silico as combinatory diagnostic strategies to CA19-9 with
varying degrees of success [6]. The diagnosis and molec-
ular analysis of pancreatic cancer may involve fine-needle
aspiration or core needle biopsy. Yet due to the location of
the pancreas and expense, repeated biopsies for longitudinal
analysis are generally avoided [7]. Therefore, using tissue
biopsies to longitudinally monitor pancreatic cancer is
infeasible, whereas liquid biopsies provide a new oppor-
tunity for molecular profiling of the genetic landscapes of
pancreatic cancer throughout disease progression.

The study of cfDNA in pancreatic cancer started in
the 1980s, when a high level of cfDNA (> 100 ng/ml) was
detected in 90% of pancreatic cancer patients [8]. Later
on, KRAS mutations in the cfDNA of plasma from three
pancreatic ductal adenocarcinoma (PDAC) patients were
detected by PCR [9]. More recently, several groups have at-
tempted to validate the clinical utility of mutation detection
in the cfDNA of pancreatic cancer patients. For instance,
Kinugasa et al. [10], detected KRAS mutations in 62.5% of
serum samples from pancreatic cancer patients and found
that these mutations were correlated with worse overall
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survival (OS). By ddPCR, Sausen et al. [11] detected
KRAS mutations in the plasma cfDNA of 43% patients
with early-stage pancreatic cancer. Moreover, using matched
plasma samples before and after operations from 59 pan-
creatic cancer patients, Lee et al. [12] was able to detect
KRAS mutations from 38 out of 42 (90.5%) patients. The
ctDNA detected prior to operation was correlated with
worse median recurrence free survival (RFS), 10.3 months
versus not reached and after operation was 5.4 months
versus 17.1 months. These data suggest that cfDNA is
a promising prognostic biomarker for early diagnosis of
pancreatic cancer.

2. Lung Cancer

Lung cancer is the most common cancer worldwide,
accounting for 2.1 million new cases and 1.8 million deaths
in 2018 [13]. More than half of people with lung cancer die
within one year of being diagnosed [14]. When the cancer is
detected at a localized stage (I-II), the 5-year survival rate
is about 56% [4]. However, only 16% of lung cancer cases
are diagnosed at an early stage. For advanced and metastatic
tumors (stage IV), the 5-year survival rate is only 5% [15].
Therefore, it is imperative to identify diagnostic methods for
early detection of lung cancer, enabling a timely treatment
plan while potentially reducing healthcare costs [16].

One of the earliest and best examples is the use of
cfDNA testing to identify the emergence of the epidermal



growth factor receptor (EGFR) T790M gatekeeper mutation
after EGFR inhibitor therapy in EGFR mutant non—small-
cell lung cancer. EGFR tyrosine kinase domain mutation
status was strongly associated with the responsiveness to
epidermal growth factor receptor tyrosine kinase inhibitors
(EGFR-TKI). Several studies have shown that EGFR mu-
tations were detectable in serum samples obtained from
patients with NSCLC. The EGFR mutation status in serum
detected by different methods was correlated statistically
with responsiveness to, and the progression-free survival
of EGFR-TKI treatment [17, 18]. Indeed, the cobas EGFR
Mutation Test can identify T790M and other EGFR driver
mutations in plasma and has been approved by the Food and
Drug Administration as a companion diagnosis for choosing
specific EGFR therapies [19].

KRAS is an important molecule in the downstream
signaling network of EGFR. The mutation rate of KRAS
is about 15% to 30% in NSCLC. However, the occurrences
of KRAS and EGFR mutations are often mutually exclusive
and patients with KRAS mutations are found to be nonre-
sponsive to EGFR-TKIs [20-22]. It has been determined
that lung cancer with KRAS mutation may be resistant to
EGFR-TKI and that KRAS mutation in plasma DNA corre-
lates with the mutation status in the matched tumor tissues
of patients with NSCLC [23, 24]. However, at present, no
mature technology exists for early cancer detection. Such an
approach would require a highly sensitive method in order
to detect trace amounts of cfDNA released by preneoplastic
lesions. It would also require high specificity to minimize
false positive results in the large unaffected population
undergoing screening. Also, even though we have made
considerable progress in finding therapeutic biomarkers,
less progress has been made to identify patients who are
likely to have relapse after surgical resection.

One key study has shown that the postoperative detection
of tumor-specific mutations in ¢fDNA can predict resid-
ual disease and tumor relapse in lung cancer [25]. This
approach has the potential to become a critical tool in
the postoperative management of the care of patients with
cancer and is currently being tested in prospective clinical
trials that will assess the usefulness of residual postopera-
tive cfDNA detection to guide adjuvant chemotherapy.

3. Liver Cancer

Liver cancer ranks the fourth leading cause of cancer-
related death worldwide. There are more than 841,000
patients diagnosed with liver cancer globally with the five-
year survival rate of 18% [26]. Currently, surgical resection
or liver transplantation is the primary therapy for liver
cancer patients. Unfortunately, the majority of patients
at the time of first liver cancer diagnosis, have already
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reached an advanced cancer stage, and less than 30% of
the patients are eligible for surgical intervention [27]. The
fact that the only clinically accepted molecular assay for
detection of liver cancer is serum alpha-fetoprotein levels
makes it critical to find a novel method to detect early
liver cancer [27].

In liver cancer, the molecular pathogenesis is tremen-
dously complex and heterogeneous. Thus, analysis of thera-
peutic targets and drug resistance-conferring gene mutations
from ctDNA released into the circulation contributes to
a better understanding and clinical management of drug
resistance in cancer patients. Studies have found that cfDNA
concentration in serum or plasma of liver cancer patients
is 3-4 times higher than in patients with chronic hepatitis
and is up to 20 times higher than in healthy individu-
als [28, 29]. Ng et al. demonstrated that a number of
somatic variants can be reliably detected in plasma but can
only be found by interrogation in the biopsy counterparts,
supporting the notion that genetic analysis of a single diag-
nostic biopsy may not be representative of the disease [30].

In a small number of liver cancer patients, ultra-deep
sequencing of DNA from plasma was able to detect variants
on commonly mutated genes in HCC including TERT,
JAKI, CTNNBI, BRAF and TP53 [31]. Another study in
advanced liver cancer demonstrated that serial assessment
of alterations in cancer-related driver genes using cfDNA
NGS can reveal genomic changes with time. The concor-
dance levels between genomic alterations found in plasma
and tissue were high for the three most commonly altered
genes, TP53, CTNNBI, and ARIDIA, indicating that liquid
biopsy is relatively accurate compared to traditional biopsy
in monitoring of advanced liver cancer patients [32]. Cai
et al. demonstrated that both single nucleotide variants
(SNVs) and copy number variants (CNVs) of cfDNA found
in plasma samples can quantifiably reflect the tumor size of
liver cancer patients and may be prognostic [33]. However,
even though SNVs are a more sensitive measurement than
CNVs, they failed to detect tumor burden when the tumor
fraction of cfDNA is relatively low [33].

ITII. ADVANCES IN THE DETECTION OF CFDNA

Recent research has positioned the detection of genetic
alterations in the cfDNA at the frontline of cancer manage-
ment. In this part of the article, we discuss contemporary
NGS approaches to cfDNA analysis (Table I). Here, we
explain the technical and analytical challenges to low-
frequency mutation detection in the context of early cancer
detection. An overview of the effects of biological noise
on the detection of low frequency mutations in plasma
cfDNA is provided.
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TABLE 1
ASSAYS DEVELOPED FOR THE EARLY DETECTION OF CANCERS

Assay CAPP-Seq TEC-Seq TRACERx CancerSEEK
Technique Deep sequencing targeted sequencing multiplex PCR multiplex PCR
Application cfDNA ctDNA ctDNA ctDNA and protein
Panel size 128 genes 58 genes 61 ROI (16 genes) | Median of 18 patient specific SNVs
Technology NimbleGen SeqCap Agilent SureSelect Signatera Safe-Seq

Year published 2014 2017 2014 2018
Citation [34] [35] [36] [37]
TABLE II cancer but only reasonable for other common cancers,

ABBREVIATIONS FOR THE TERMS USED IN TABLE I

Abbreviation | Definition

CAPP-Seq Cancer Personalized Profiling by deep Sequencing
ctDNA circulating tumour DNA

ROI Regions Of Interest

Safe-Seq Safe-Sequencing system

SNV Single-Nucleotide Variant

TEC-Seq Targeted Error Correction Sequencing

TRACERx Tracking Cancer Evolution Through Therapy

1. CancerSEEK

The recent paper by Cohen et al. [37] addresses the
possibility of detecting solid tumors at an early stage
with a combined assay for genetic alterations and protein
biomarkers (Figure 1). The approach is simple and cost-
effective, potentially resulting in significant time savings
for diagnosis, and improved patient survival. Although
solid outcome has not yet been achieved, this manuscript
advances the field of early cancer detection.

In the original study, the patient cohort included 1,005
participants diagnosed with non-metastatic forms of one
of eight cancer types (ovarian, liver, stomach, pancreatic,
oesophageal, colorectal, lung and breast). CancerSEEK had
a median sensitivity of 70% among the eight cancer types
with a specificity of 99% [38]. To achieve this, the test was
developed with rigorous statistical methods to ensure the
accuracy. The most important attribute to the algorithm was
the presence of cfDNA mutation followed by the elevation
of cancer antigens (including CA-125 and HGF) [38]. Since
the driver gene mutations are usually not tissue specific,
the majority of localization information was derived from
protein markers. The accuracy of prediction was highest for
colorectal cancers and lowest for lung cancers [37].

The study design is perhaps the weakest point of the
paper. First, the study analyzed the plasma of a compara-
tively small number of healthy controls without matched
controls for inflammatory lesions that could imitate the
disease process. Second, among eight chosen cancer types,
the detection capability of the test was 100% for ovarian
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such as breast and lung cancers, which led to another
main caveat of the test. The predictive value of the test
which relies on the prevalence of the disease within the
tested population. The prevalence of the chosen cancers in
healthy individuals over age 64 is approximately 1% [37].
Thus, even if CancerSEEK could achieve a 99% sensitivity
and 99% specificity, the resulting positive predictive value
would be only 50% (50% of test positives would be false
positive). An established challenge in early cancer detection
is that patients at increased risk for cancer may also have
precancerous conditions resulting in elevation of serum
protein biomarkers, a factor that was not well addressed in
the healthy control population of the CancerSEEK test [38].

2. CAPP-Seq

The cancer personalized profiling by deep sequencing
(CAPP-Seq) method assesses plasma cfDNA for alterations
in 128 genes that are recurrently mutated in NSCLC.
When being assessed for disease monitoring and mini-
mal residual disease detection, the method achieved the
sensitivity of 50% for stage-I tumors, and 100% among
those with stage-II to -IV tumors, with a specificity for
both groups of 96%. Notably, it was able to detect a
specific TP53 hotspot variant at a median frequency of
approximately 0.18% across all plasma DNA samples.
When CAPP-Seq was combined with a computational error
correction approach called integrated digital error suppres-
sion (iDES), the specificity in detecting EGFR hotspot
variants was 100% [34].

The main caveat of CAPP-Seq is that it used cfDNA
levels to detect tumor burden since cfDNA can only predict
residual tumor rather than the tissue of origin. This means
c¢fDNA should be used in combination with another method
such as imaging for disease burden. Note that CAPP-Seq
is currently unable to acknowledge whether cfDNA rates
from primary lesions and metastatic disease are released at
the same. Potentially, the different rates in which tumors
or clones release their DNA could cause problems with
determining tumor burden and clonal evolution [34].



3. TEC-Seq

Targeted error correction sequencing or TEC-Seq was
developed to allow the profiling of tiny amounts of ctDNA
present in early-stage cancer using massively parallel se-
quencing. In brief, DNA fragments were isolated from
a patient’s blood, the researchers labeled each fragment
with a unique barcode. These barcodes allowed the track-
ing of each fragment as they sequenced it to approxi-
mately 30,000x in depth. By cross-checking sequences at
each position to each other and to a reference genome, the
researchers could confirm whether a detected mutation was
genuine or a false positive [35].

TEC-Seq detects 58 cancer-related genes encompass-
ing 81 kb that are often altered in certain tumors and
can detect tumor-specific mutations. They used the tech-
nique to analyze plasma samples from 44 healthy indi-
viduals and 200 individuals with breast, colorectal, lung,
or ovarian cancers in various stages. TEC-Seq correctly
identified 56%, 83%, 62%, and 71% of these individuals,
respectively, identifying gene alterations for each case.
TEC-Seq was sensitive enough to detect early-stage tumors.
From a pool of 138 stage-I and -II cancers, TEC-Seq
identified 86, or more than 60% of these diseases. Overall,
the test was most successful at detecting colorectal and
ovarian cancers [35].

The key for any early detection assay is to determine
whether the mutations present in the blood are tumor-
derived. Here, it was found that in 82% of cases, a mutation
detected in the blood was also present in the tumor when
analyzing matched tumor and plasma samples. In a further
test, the researchers applied TEC-Seq to blood samples
from 44 healthy individuals. They did not detect any
alterations among any of the investigated 80,000 bases,
leading to a very high specifivity [35].

TEC-Seq may also be useful for forecasting cancer
relapse. The study applied the method to plasma sam-
ples from 38 individuals with colorectal cancer who had
undergone removal. They found that patients with large
abundant of ctDNA at diagnosis had shorter survival with
less ctDNA [35].

IV. FUTURE PERSPECTIVES

We have discussed technical and biological challenges as-
sociated with cfDNA detection in patients in the context of
liquid biopsy. Liquid biopsy is increasingly being adopted
for an extensive variety of applications in oncology. Un-
questionably, using cfDNA detected from liquid biopsy for
effective screening of early cancers as well as monitoring
developed diseases represents the best hope for reducing
cancer mortality.
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The conceptual improvements and the practicability of
the discussed assays are important milestones toward the
application of early cancer detection. The ongoing devel-
opment of cost effective and sensitive blood-based cancer
screenings is set to revolutionize cancer management. Nev-
ertheless, the use of these promising biomarkers requires a
fundamental understanding of the mechanisms underlying
liquid analytes and the resolution of important technology.
Additional preclinical studies addressing the biology of
liquid biopsy analytes are needed. Most existing assays
have focused on a single analyte; however, sensitivity and
accuracy could be improved by adopting multiparametric
assays that integrate data from the multiple analytes present
in a single sample. Innovative assay technology must be
accompanied by novel statistical and machine learning tools
that make use of high dimensional and large amounts of
data. Thus, future liquid biopsy developments are expected
to be multi-disciplinary. Critically, it is only after clinical
validity and clinical utility have been demonstrated that
liquid biopsies will reach their full potential and have
the expected impact on clinical oncology and the clinical
management of patients.
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Abstract: In this paper, a multiple-input multiple-
output (MIMO) antenna with high isolation is designed using
defected ground structure (DGS). The proposed antenna is
constructed by two sets of four elements (2 x 2), which are
designed at the central frequency of 3.5 GHz for Worldwide
Interoperability for Microwave Access (WiMAX) applications.
The antenna is fabricated on a FR4 substrate with an overall
size of 144 x 99 x 1.6 mm. Thanks to DGS, the designed
MIMO antenna achieves a high isolation of 30 dB and a high
radiation efficiency of over 90%. Besides, this MIMO antenna
attains a 7.5 dBi gain. There is a good agreement between the
simulated S-parameters and the measurement results.

Keywords: MIMO antenna, mutual coupling, defected ground
structure (DGS), microstrip antenna.

I. INTRODUCTION

Multiple-output multiple-input (MIMO) is one of the
prominent solutions to satisfy the high data rate demand
of end users in wireless networks. Employing multiple-
element antennas, MIMO can improve both the spectral ef-
ficiency and reliability of the transmission without increas-
ing transmitting power or bandwidth [1]. However, when the
distance between the antenna elements is not large enough,
mutual coupling happens. This is an undesired phenomenon
because it not only reduces channel capacity [2], but also
introduces extra power loss to the system [3].

Many solutions have been proposed to reduce mutual
coupling between antenna elements using, e.g., shorting
pins [4], compact coplanar waveguide (CPW) feeding [5],
electromagnetic band gap (EBG) [6], parallel coupled-line
resonators [7]. These methods have reached a recogniz-
able improvement in isolation enhancement. The isolation
between the antenna elements in [4-6] is around 20 dB.
The antenna gains are under 2 dBi in [5] and [7]. In
addition, the radiation efficiency of the antenna in [5]
is 70%. However, these figures can be further improved. In
fact, it is challenging to simultaneously optimize multiple
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parameters, such as the isolation and radiation efficiency,
in designing MIMO antennas.

In this paper, we propose a MIMO antenna with en-
hanced isolation. The antenna is designed at the central
frequency 3.5 GHz. We apply a defected ground structure
(DGS) to achieve a high isolation between the antenna
elements of over 35 dB although the edge-to-edge distance
is only 4.3 mm. Based on a FR4 substrate with a thickness
of 1.6 mm, & = 4.4, and tand = 0.02, the antenna has
dimension 144 x99 x 1.6 mm. At the central frequency 3.5
GHz, the MIMO antenna reaches over 7.5 dBi gain. The
antenna is designed, simulated, and optimized with the
Computer Simulation Technology (CST) Studio software.
The simulation results are compared with the measurement
ones to verify the performance of the proposed antenna.

II. MIMO ANTENNA DESIGN
1. Design of the Antenna Array

Our antenna array design is based on the DGS. Figure 1
shows the model of DGS and its equivalent circuit. The
DGS is created by connecting two rectangular areas and
a microstrip line. The equivalent circuit is made based on
the following principle: two rectangles can be considered
as an inductance while a microstrip line corresponds to

(a) Model (b) Equivalent circuit

Figure 1. Defected ground structure (DGS) [9].
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Figure 2. Configuration of proposed DGS-based antenna array.

a capacitance. Therefore, the capacitance and inductance
values are given by [8, 9]

W,

C= , €]
229 (wg - w%)
1
L=——n, 2
4n? f2C @

where Zj is the input and output port impedance; wy is the
angular frequency of the parallel LC resonator, fy is the
resonant frequency, and w, is the cutoff angular frequency.

Then, the resonant frequency can be calculated as
1
27VLC

Next, Figure 2 shows the model of our proposed DGS-
based antenna array. The antenna is designed to operate
at 3.5 GHz and it is printed on a single layer FR4 substrate
with a dielectric constant of 4.4, a thickness of 1.6 mm,
and a loss tangent of 0.02. The antenna array includes four
radiation elements (2 X 2) and three power dividers on top
of the substrate. The ground plane with DGS is placed on
the bottom. Using the formula in [10], we can calculate
the size of each radiation element. Furthermore, we select
equal dividers whose principle can be found in [11]. We
use the CST Studio software to optimize and obtain that
the dimension of each element is 23.6 x 20.8 mm and the
distance between elements is approximately 0.41 where A
is the wavelength in free space. The overall size of the

fr= 3)
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TABLE I
DIMENSION PARAMETERS (DEFINED IN FIGURE 2) OF PROPOSED
ANTENNA ARRAY

Parameter | Value (mm) | Parameter | Value (mm)
w 80 L 102
Wp 23.6 Ip 20.8
lags1 15 Wdgs1 32
lags2 8.5 Wags2 10.2
de 354 dagsi 26
We 33.5 dags2 24.7

antenna array is 80 x 102 mm. Table I lists the values of
some dimension parameters of the designed antenna array.
These parameters are defined in Figure 2.

2. Design of the MIMO Antenna

The MIMO antenna consists of two symmetric antenna
arrays placed side by side with a separation of 4.3 mm
from edge to edge as illustrated in Figure 3. There are
many feeding techniques for antenna such as coaxial feed,
coupled, and A/4 impedance transformer [10, 12]. We
choose the 1/4 impedance transformer in this paper due
to its simplicity in impedance matching. Based on a FR4
substrate with a thickness of 1.6 mm, the MIMO antenna
has overall size of 144 x99 x 1.6 mm while the size of one
patch is 23 x 20.125 mm.
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TABLE II
DIMENSION PARAMETERS (DEFINED IN FIGURE 3) OF PROPOSED
MIMO ANTENNA

Parameter | Value (mm) | Parameter | Value (mm)
w 144 L 99
dg 43 dags3 41.14
dagsa 25 Wgs4 10
lagsa 6 Wdgs3 L.5
lags3 12

Table II lists the value of some parameters of the
proposed MIMO antenna. These parameters are defined
in Figure 3. To reduce the mutual coupling between the
elements of the MIMO antenna, we integrate a DGS on
the ground plane. The DGS consists of five cells (two
large cells and three small cells). To make the capacitance
(C) and inductance (L) variable, we use a compensation
structure as shown in Figures 1 and 2. This makes a
flexibility in optimization.

III. RESULTS AND DISCUSSIONS
1. Simulation Results

a) Antenna Array

Figure 4 presents the reflection coefficients of the pro-
posed antenna array over the frequency band from 2.5 GHz
to 4.5 GHz. As can be seen, the bandwidth of the antenna
is 330 MHz, corresponding to 9.4% of the resonant fre-
quency 3.5 GHz. In addition, the antenna has a low return
loss of =30 dB at the resonant frequency.

Figure 5 shows the 3D and polar patterns of the proposed
antenna array. It can be observed that the the antenna
has quite high directivity: it has an angular width (3 dB)
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of 40.7 degrees. Moreover, the antenna remains a high
radiation efficiency of over 90%.

b) MIMO Array

As mentioned in Section 11.2, the MIMO antenna is in-
tegrated with DGS to reduce the effect of mutual coupling.
To better understand the effect of DGS on mutual coupling
reduction, we compare the S-parameters of the proposed
MIMO antenna with and without DGS. The results are
displayed in Figure 6. It can be observed that the isolation
between antenna elements is significantly improved in the
case of DGS. The mutual coupling is —15 dB without DGS
while with DGS, this figure is less than —40 dB. This can
be explained as follows. Normally, the current distribution
in microstrip antenna is uniform without DGS. When there
is DGS, the current is redistributed according to the size
and position of DGS. By adjusting the size and position
of DGS, we can distribute the current at a desired place
while limiting the current at other places. This helps us to
achieve a high isolation of 40 dB for the proposed antenna.
On top of that, using DGS also improves the bandwidth.
We can see that the antenna bandwidth with DGS includes
two resonant modes while this value is only one without
DGS. As a result, the bandwidth with DGS is larger than
without DGS.

Figure 7 shows the pattern of the proposed MIMO
antenna. It can be seen that the main lobe direction of the
antenna is 190 degrees while the angular width at 3 dB
is 40.7 degrees. Normally, the main lobe direction of a
microstrip antenna is 0 degree (uniform current distribu-
tion). In our case, utilizing DGS causes a distortion in
the current distribution, thus the main lobe direction can
be changed. This is a common tradeoff when using DGS.
However, given the gain in antenna isolation, this main
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(a) 3D

(b) Polar

Figure 5. Pattern of proposed antenna array.

lobe direction change is acceptable. Besides, the gain and
radiation of the MIMO antenna reach more than 7.5 dBi
and 90%, respectively.

Moreover, in MIMO systems, the independence between
radiation patterns of the antennas can be evaluated by the
enveloped correlation coefficient (ECC), denoted by p..
ECC can be calculated from the S-parameters as [13]

S]]ST2+321.S;2

\/(1 —ISul* - |521|2) (1 —[Snl* - |512|2) mn2
It can also be calculated from the radiation patterns as [14]

= S E1(6, 9)E3 (6, $)dQ2
[ E1(6,9)E;(6,8)dQ [[, . E2(6, $)E; (6, $)dQ’

where E| and E; are the far-field radiation patterns, gen-

Pe = “

Pe ()

erated from ports 1 and 2 of the antenna while 6 and ¢
represents the spherical angles, namely, the elevation and
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(2) 3D (b) Polar

Figure 7. Pattern of proposed MIMO antenna.

azimuth, respectively. Figure 8 presents the ECC of the
proposed MIMO antenna. It is clear that the ECC is smaller
than 0.01 from 3.08 GHz to 3.84 GHz, corresponding
to a band of 760 MHz. This is suitable for devices with
pe < 0.3 [15].

2. Measurement Results

In order to confirm the simulation results by experimental
measurements, the prototype of the proposed antenna as
shown in Figure 9 is implemented based on a FR4 sheet
(h = 1.6 mm, & = 44 and tand = 0.02) with a size
of 80x102x 1.6 mm for a single array and 144x99x1.6 mm
for the MIMO antenna.

In Figure 10, we compare the simulated results based
on the CST Microwave software and the measurement
ones. As can be seen, the measured impedance bandwidths
at —10 dB of a single array and the MIMO antenna
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TABLE III
PERFORMANCE COMPARISON OF PROPOSED ANTENNA AND RECENT
ANTENNAS
References [17] [18] [19] This paper
Frequency [GHz] 24 35 2.6 3.5
Bandwidth [%] 33 6.2 14.6 4.15
Isolation [dB] 15 22 15 29
Efficiency [%] 85 87 X 90
Gain [dBi] X 3.1 448 7.5

are 120 MHz (3.43%) and 145 MHz (4.15%), respec-
tively, while the corresponding figures from simulation
are 330 MHz and 200 MHz, respectively. Moreover, the
measured isolation between elements in the MIMO antenna
is approximately 30 dB. There is a tolerance between the
simulation and measurement results. This can be caused by
the instability of parameters in the FR4 substrate [16] and
the tolerance in fabrication. However, this tolerance does
not affect the operation of antenna and is thus acceptable.
To verify the advantage of our proposed antenna, we
compare its performance with some previously proposed
antenna in the literature in Table IIl. We can see that
the isolation of the antenna in [17] is only 15 dB and
the percentage of the impedance bandwidth is not large
(3.3%). In [18], although there is a high isolation (22 dB)
between array elements, the gain of the antenna is quite
low (3.1 dBi). The MIMO antenna in [19] has a large
percentage of the impedance bandwidth, but achieves a low
gain (4.48 dBi) while the efficiency is not mentioned. In
this paper, by using DGS, the proposed antenna achieves
a high isolation of approximately 30 dB, and, at the same
time, a high efficiency of over 90%. Therefore, despite of
the main lobe shift (190 degrees) and a higher complexity
when using DGS, our antenna is a promising solution to
operate at 3.5 GHz.
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IV. CONCLUSION

This paper presents a MIMO antenna with enhanced
isolation for WiMAX applications. The antenna is realized
at the central frequency of 3.5 GHz and it is built on a
FR4 substrate with parameters: 7 = 1.6 mm, &, = 4.4, and
tand = 0.02. The proposed MIMO antenna contains two
sets of 2 x 2 elements which incorporates DGS to obtain a
high isolation between the elements. From measurements,
the antenna achieves approximately 30 dB in isolation
and 90% in radiation efficiency. Moreover, the antenna has
a gain of 7.5 dBi while the measured bandwidth is 145 MHz
at —10 dB. The proposed antenna has a compact size, a
planar structure, an easy fabrication, and a low cost, thus
can be utilized in practice.
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Abstract: Electrical beam scanning is a feature enabling an
antenna array to electrically control its main beam toward a
desired direction. In this paper, a three-phase state element
for electronically reconfigurable transmitarrays is presented.
The element is made up of C-patches and modified ring
slots loaded rectangular gaps. By controlling the bias state
of four p-i-n diodes, three phase states are obtained. The
dimension of the element is optimized by using full-wave EM
simulation and performance of the element is validated by
both simulation and an experimental waveguide system. A
transmitarray consisting of 12x12 elements has been simulated
to validate the steering capabilities. Experimental results
indicate the element has good characteristics and excellent
phase change capabilities.

Keywords: Transmitarray antenna, flat lens antenna, reconfig-
urable transmitarray antenna.

I. INTRODUCTION

Planar array antennas have been widely used in many
applications requiring low profile antenna with high gain
and beam control capacity. Examples of radar applications
working at X-band are marine rain map radar, airborne
weather surveillance and warning system and Synthetic
Aperture Radar (SAR) for satellites. Recently, modern
tunable electronic components enable high-speed beam
forming and vibration elimination for planar array antennas.
This is a considerable advantage over the traditional high
gain antennas in which a bulky mechanical system is
required to physically rotate the antenna direction. Phased
array, reflectarray and transmitarray are three types of
antennas that can provide high gain. A planar phased array
typically uses a microstrip feeding network to excite the
array elements in a specified state to form the main beam.
On the other hand, reflectarray and transmitarray utilize

106

-

Feed source

Main beam
direction

elements

Rx patch  Tx patch

Focal :
Source e ! Direction of

| transmission

Substrates

(©

Figure 1. Basic diagram of (a) planar phased array, (b) reflectarray, and
(c) transmitarray.

the space-feed mechanism in which an external feed source
is placed at a focal point, thus no complex beamforming
network is required in the array’s surface. A transmitarray,
as shown in Figure 1(c), overcomes the disadvantage of
reflectarray which is the feed blockage phenomenon due to
the fact that the feed source of transmitarray is located in
the opposite side of the radiated wave. Recent transmitarray
designs are mainly based on multilayer frequency selective
surfaces (M-FSS) [1-5]. A typical transmitarray using M-
FSS structure composes of multiple microstrip arrays of



antenna elements and a feed source. The first planar layer
that is placed in front of the feed source is labeled as
receiver (Rx), working in receiving mode. The last layer
acts as transmitter (TX).

A transmitarray transforms the spherical wave from the
feed source into a planar wavefront. In order to collimate the
energy toward a specific direction, each element is designed
to provide a desired phase shift to compensate the phase
error due to different path lengths from the feed source.
Hence, the performance of the element is the utmost factor
in any transmitarray design. The transmitarray element must
be able to not only generate desired phase shift but also to
achieve minimum energy loss.

To achieve electronically beam-scanning ability, recent
works have proposed different designs for transmitarrays in
which different tunable components are employed to con-
trol the main beam direction. The transmitarrays proposed
in [6-8] use varactors. The advantage of a transmitarray
element using varactors is the continuous phase control.
This is based on the fact that the capacitance of varactors
is varied as a function of the DC bias voltage. Different
capacitance values could lead to different transmission
phase states of an element. However, to achieve enough
phase range for implementing a transmitarray, transmitarray
elements proposed in [6—8] use a large number of varactors
that leads to high losses and increases the complexity of the
element geometry.

Besides the electronically reconfigurable transmitar-
ray based on varactors, various transmitarrays using RF
switches such as RF-MEM [9], p-i-n diodes [10-13] have
been proposed. Although RF switches cannot provide a
continuous phase variation, they are much more suitable for
transmitarrays operating at high frequencies, especially in
millimeter-wave frequency band. Moreover, the RF switches
are not much sensitive to DC voltage, this makes the re-
configurable transmitarrays using RF-switches more stable
against the fluctuation of DC bias voltage. In [10-12],
an 1-bit reconfigurable transmitarray element using two
p-i-n diodes and in [13], a 2-bit reconfigurable transmi-
tarray element have been proposed. The disadvantage of
the reconfigurable transmitarray using RF switches is the
low phase resolution. A low phase resolution leads to
large quantization loss, resulting in gain degradation of the
transmitarray. To increase phase resolution, higher number
of switches is required. However, this may increase the
complexity of the biasing network. In design of an elec-
tronically reconfigurable transmitarray using RF-switches,
there is a trade-off between the number of phase states and
the complexity of the transmitarray element.

In this paper, a reconfigurable transmitarray with three-
phase states is presented. The three phase states are ob-
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Figure 2. Geometry of the proposed transmitarray element.

tained by using four p-i-n diodes. The proposed element
is an extended version of our previous work [12] for the
purpose of increasing the number of phase states of the
transmitarray element. Four additional p-i-n diodes are
biased in pairs, which makes the biasing network simple.
The three-phase state element is designed to operate at
the center frequency of 11.5 GHz. A passive prototype
with the use of an ideal switch has been fabricated.
Measurements on the prototype have been conducted to
demonstrate the performances of the proposed element.
A transmitarray of 12 X 12 elements was designed and
simulated to validate the performance and the capability
of main beam reconfigurability.

II. TRANSMITARRAY ELEMENT DESIGN
1. Element Design

Figure 2 shows the proposed transmitarray element that
is implemented using four metallic layers printed on two
identical Roger RO5870 substrates. The Roger RO5870 sub-
strate has a thickness of 1.575 mm and dielectric constant
& = 2.33. Two substrates are separated by 1.5 mm. On
each substrate, a C-patch and a modified ring slot loaded
by a rectangular gap are printed. The C-patch is on the
top of the substrate and the modified ring slot loaded by a
rectangular gap is on the bottom of the substrate. Two p-
i-n diodes are inserted on the rectangular gap of each ring
slot. The p-i-n diodes are used to control the transmission
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Figure 3. Equivalent circuit of our proposed structure.

phase shift. The element is designed to operate at X band
with the center frequency of 11.5 GHz. It operates with
linear polarization where E-field of the incident wave is
perpendicular to the gap of the C-patch. The cell size is 14
mm, equivalent to 0.5, where A, is the wavelength in the
free space.

The proposed element is developed from the transmi-
tarray element that was investigated in [12]. In this work,
two more diodes are added to provide the third phase state.
Increasing the phase states is based on the ability of chang-
ing the transmission phase by modifying the length of the
rectangular gap of the ring slot. Therefore, we can increase
the number of phase states by increasing the number of
switches on the rectangular gap to control the length of the
rectangular gap. To understand the working principle of the
proposed structure as well as the capability of changing the
phase according the length of the rectangular gap of the
ring slot, it is helpful to analyze the equivalent circuit of
the structure. As presented in [14], the equivalent circuit of
the element can be represented as shown in Figure 3.

For the equivalent circuit, the two C-patches placed on
the top of two substrates are modeled as a parallel circuit
containing two series LC tanks (Cr1, Lt1, Cr2, L13). The
ring slot loaded with a rectangular gap is represented by
a parallel LC tank (Cp;, Cp1) placed in parallel with a
series LC tank (Cp), Lp>). The substrate with a thickness
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TABLE I
DIMENSIONS OF THE PROPOSED ELEMENT
Element Dimensions (mm)
Layer 1 Ry, =0.8; Rowe =5.7;t = 1.
Ry =5.1; Roye = 6; w =1.5;
L 2
ayer p=141, =25 1 =43
Substrates h; =1.575
Air gap hy =1.5

of h; is modeled as a transmission line with a length
of hy and a characteristic impedance of Z; = Zy/+/e,,
where &, is the relative permittivity of the substrate and
Zo = 377Q is the free space impedance. As shown in
Figure 3, the element structure has multi-resonances. For a
transmitarray element structure, multi-resonances can allow
a large phase range [1, 2]. The modification of a ring slot to
become the ring slot loaded with a rectangular gap makes
the structure having two resonances. The original ring slot
creates a single resonance that can be modelled as a parallel
LC tank (Cp1, Lp1). Adding a rectangular gap creates the
second resonance at a high frequency. It is modeled by a
series LC tank (Cpy, Lp>). The frequency of the second
resonance is a function of the length of the rectangular
gap. The second resonant frequency is shifted towards to
the lower frequency when the length of the rectangular
gap is increased. Variation of the second resonance of the
ring slot leads to a variation of the transmission phase of
our structure. Therefore, three phase states can be achieved
by using four p-i-n diodes. These four p-i-n diodes are
placed on the rectangular gaps to control the length of
the rectangular gaps. We use the same biasing circuit as
presented in [12] to supply the DC power to p-i-n diodes.
Four diodes work in pairs. Each pair is biased in reverse
compared to the other. The position of four diodes is
optimized to obtain three phase states with a step of 120°
at 11.5 GHz according to ON/OFF state of diodes. The
first phase state is obtained when all diodes are OFF. The
second phase state and the third phase state are obtained
when the first pair and second pair of diodes are turned
ON, respectively. The parameters of the element are shown
in Table I.

2. Frequency Response of The Transmitarray Element

The performance of the element should be validated be-
fore implementing a transmitarray. ANSYS HFSS software
version 13 is used to simulate and to optimize the proposed
element. To obtain the transmission phase and magnitude, a
method is to use the waveguide simulator. Since the center



frequency of the element is 11.5 GHz, the WR-90 standard
waveguide is suitable to be used as waveguide simulator.
In the simulation, the element is placed in the open-end of
two WR-90 standard waveguides. Two excitation ports are
assigned at the other ends of two waveguides to measure
the transmission coefficients. Before the final version of an
electronically reconfigurable transmitarray is implemented,
the performance of the element is first evaluated using ideal
RF-switches. In this case, metallic strips are used as ideal p-
i-n diodes. For the ON state of a diode, the metallic strips
are inserted on the gaps. For the OFF state, the metallic
strips are removed.

Figure 4 shows the simulated transmission coefficients
of the proposed element for three phase states. As it can
be seen, the transmission magnitude of three phase states
at 11.5 GHz is greater than —1 dB. The common -3 dB
transmission bandwidth of three phase states is 16.5%
from 10.6 GHz to 12.5 GHz. As shown in Figure 4(b),
the transmission phase curve successfully changes when we
change the state of four diodes. Three phase curves have a
step of 120° at 11.5 GHz. However, the step of 120° is not
maintained for frequencies far from 11.5 GHz, due to the
non-linearity of the phase curves.

ITII. EXPERIMENTAL VALIDATION OF THE ELEMENT

A prototype of the element is implemented to validate
the performance of the proposed element. The element is
fabricated by standard PCB fabrication technique. A small
metallic strip that acts as an ideal switch in the ON state is
soldered across the rectangular gap of ring slot layer. That
metallic strip is removed for the OFF state of the switch,
as shown in Figure 5.

The method to measure the frequency response of the
element prototype is also to use waveguide simulators. This
technique requires two WR-90 standard waveguides whose
open-end size is 22.86 x 10.16 mm?. Since the element’s
shape is a square while the aperture of the waveguide is
rectangular, two rectangular-to-square transitions are imple-
mented and they are used as an adaptor to put the element
in the middle of two waveguides. A metallic plate with a
hollow of 14x14x 1.5 mm? is inserted between two parts of
the element to ensure that two substrates are separated by
an air gap of 1.5 mm. Figure 6 presents the measurement
system. The measurement of the transmission coefficients
is performed using Agilent E5071C Vector Network An-
alyzer. The measurement system has been calibrated at
the ends of two straight waveguides, not including the
two rectangular-to-square transitions. Figure 7 shows the
measured transmission coefficients in comparison with that
of the simulation. As shown in Figure 7, the measured
results agree well with simulated results.
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Figure 4. (a) Simulated transmission magnitude and (b) transmission

phase of the proposed element.
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Figure 5. (Simulated transmission magnitude (left) and transmission phase
(right) of the proposed element.

IV. TRANSMITARRAY DESIGN

A square transmitarray antenna is designed with 12 x 12
elements to validate the radiation characteristics and beam
steering capacity. As the periodicity of each element is 14
mm, the transmitarray size is 168x 168 mm?, corresponding
to 6.441, x 6.44, at 11.5 GHz. A small aperture horn
antenna is used as the feed source for the array. Its aperture
is 32 x 23 mm? and its directivity is 11 dB. The horn
antenna is placed at a focal length of 150 mm corresponding
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square transition
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Rectangular-to-
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Figure 6. The measurement system.

to an F/D ratio of 0.89. The transmitarray in 3D and the
simulation environment are shown in Figure 8.

In the design of a space-fed array antenna, to steer the
main beam to direction (6,¢), the transmission phase of
each element can be calculated using equations (1) and (2)
as follows:

@(xi, yi) = ko(d; —sin@(x; cos ¢ + y; sing)), (1)

di = \/(xi —xp) 2+ (yi—yp)?+(zi—zp)h ()

where (6, ¢) is the direction of main beam, x;, y; and
z; are the coordinates of the i™ element, xy, y; and
zy are the coordinates of the feed source, and ko is a
propagation constant.

According to equation (1), the phase distribution on the
transmitarray aperture is depicted in Figure 9. In this figure,
the desired main beam direction is 6 = ¢ = 0°.
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Since the transmitarray antenna is based on the element
which provides three phase states as discussed above, after
calculating the theoretical compensation phase of each
element using equations (1) and (2) for a main beam at
direction (6, ¢), the real phase ¥ (x;,y;) of the element at
the position with the coordinates x;, y; on the transmitarray
is quantized using equation (3). This corresponds to the
three phase states:

0°,  —60° < @(xi,y:) < —60°,
Yxi, i) = 1120°  60° < @(x;, y;) < 1807, (3)
240°, 180° < (p(x,-,yi) < 300°,

where ¥ (x;, y;) is the quantized phase of the i element at
the position with the coordinates x;, y;.

In order to evaluate the beam steering capabilities of
the transmitarray, various phase distributions obtained by
arranging the suitable transmission phase are designed.
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Figure 11. Simulated radiation patterns at 11.8 GHz with main beam
tilted from —30° to +30° in (a) E-plane and (b) H-plane.

Figure 10 illustrates the phase distributions to steer the
main beam directions along the theta angle in both E-plane
(¢ = 0°) and H-plane (¢ = 90°). All phase distributions are
constructed using three phase states. For the transmitarray,
the elements with all diodes being OFF are used to provide
the phase state 0°. The elements with first pair of diodes
in ON state are used to provide the second phase state
(120°). The elements with the second pair of diodes being
ON provide the third phase states (240°). The scanning
performance of the transmitarray has been evaluated by
simulations. The radiation patterns at 11.5 GHz for different
main beam directions varying from —30° to +30° for both
E-plane and H-plane are shown in Figure 11. It can be
seen that the main beam changes consistently with phase
arrangement and low side lobes are obtained. The maximum
directivity is 23.9 dBi when the main beam is at broadside
direction while the scan loss reaches 1.6 dB and 2.9 dB
for beams tilted at +30° in H- and E- planes, respectively.
In comparison with the 1-bit element for reconfigurable
transmitarray in [12] where the maximum directivity is
reported with 21 dBi, the transmitarray validated in this
paper provides higher efficiency while the size and the
number of elements are identical.
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V. CONCLUSION

The three-phase-state element for reconfigurable trans-
mitarray has been presented in this paper. Both simulation
and measurement results validated good phase shifting
capability and a wide —3 dB transmission bandwidth. While
the prototype is still passive, where the ideal metallic strips
are used as p-i-n diodes, simulation results indicated that
the fully populated reconfigurable transmitarray can provide
a wide scan angle with low scan loss. Further study and
implementation of real p-i-n diodes will be deployed in an
electronically tunable version of the transmitarray.
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Abstract: Preserving, maintaining, and teaching traditional
martial arts are very important activities in social life. That
helps individuals preserve national culture, exercise, and prac-
tice self-defense. However, traditional martial arts have many
different postures as well as varied movements of the body and
body parts. The problem of estimating the actions of human
body still has many challenges, such as accuracy, obscurity,
and so forth. This paper begins with a review of several
methods of 2-D human pose estimation on the RGB images,
in which the methods of using the Convolutional Neural
Network (CNN) models have outstanding advantages in terms
of processing time and accuracy. In this work we built a small
dataset and used CNN for estimating keypoints and joints of
actions in traditional martial arts videos. Next we applied
the measurements (length of joints, deviation angle of joints,
and deviation of keypoints) for evaluating pose estimation
in 2-D and 3-D spaces. The estimator was trained on the
classic MSCOCO Keypoints Challenge dataset, the results
were evaluated on a well-known dataset of Martial Arts,
Dancing, and Sports dataset. The results were quantitatively
evaluated and reported in this paper.

Keywords: Estimation
deep learning, skeleton, conserving and teaching traditional

martial arts.

of keypoints, pose estimation,

I. INTRODUCTION

Estimating and predicting actions of human body are
well-studied problems in the robotics and computer vision
community [1]. Application domains include social safety,
preservation of cultural identity values (conserving and
maintaining traditional martial arts and national dance
songs), production of toys and games, interaction with
intelligent robots, sports analysis (tactical analysis in sports
such as football, tennis, badminton, etc.), health protection
(detection of falling events in hospital for the elderly), etc.
Solving these problems can be based on a set of methods
such as analyzing people in the images, locating people in
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the images, locating keypoints on human bodies, and identi-
fying joints (skeleton) from the points featuring their body.

The problem of estimating the skeleton from the image of
a person is usually based on color images, depth images, or
the contexts of objects and actions [1]. The above systems
often use color image information, depth information [2],
or skeleton [3] obtained from different types of sensors.
In particular, the Microsoft (MS) Kinect sensor version 1
(vl) is a common and cheap sensor that can collect several
types of information such as color, depth, skeleton, and
acceleration vector [4].

Color is the most common type of information obtained
from cameras/sensors. Changes of appearance and posture
of the human body structure in the image create a set
of characteristics of deformation part model (DPM). That
makes it difficult to estimate the shape and joints of the
human body. The transformation of a complex human body
is made up of changes in human body parts, which can be
common transformations such as translation, rotation, and
resizing. Previous studies often train DPM feature sets for
detecting, recognizing, and estimating human postures and
poses in images [5-7].

Recently, human pose estimation is still very chal-
lenging [3] in such terms as processing time and ac-
curacy [8], especially for 3-D human pose estimation
performed on datasets which have many occlusions [9].
Currently, with strong development of deep learning for
detection, recognition, and human action estimation, it
has become a good approach for solving these problems.
There are many proposed Convolutional Neural Networks
(CNNs) which achieved very good results in detecting
and recognizing objects, such as Fast R-CNN [10], Faster
R-CNN [11], and YOLO [12, 13]. Recently, there have
been many studies of skeleton estimation on images using
CNN models, such as [14-16].
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Figure 1. Keypoints on the human body and the labels.

In this work we only use the CNN model which was
proposed and trained as [17] to estimate and predict the
actions of people in videos of instructors and practitioners
performing martial arts. This approach is based on the
model that is trained from the confidence maps of feature
vectors [18] which are extracted from the training images.
The trained model estimates the keypoints on the human
skeleton model as seen in Figure 1. In particular, this
approach can estimate the posture of people based on the
skeleton in case of being obscured.

Data obtained from the MS Kinect sensor includes color
images, depth images, and correspondence. The first two
types of data are calibrated to a center based on the
approach and the intrinsic matrix of the MS Kinect sensor
vl proposed by Nicolas et al. [19]. Each frame builds
a scene in 3-D environment. The estimated results of
keypoints and joints are also transferred to 3-D space. It
is then possible to build a martial arts teaching application
in a more intuitive way.

The main contributions of this work include: (i) us-
ing a CNN model for 2-D human pose estimation on
RGB images, achieving outstanding advantages in terms
of processing time and accuracy; (ii) a small dataset of
traditional martial arts videos and using the CNN-based
pose estimation model [17] trained on the COCO [20]
dataset to evaluate the skeleton estimations performed on
the contributed dataset and the dataset of Zhang et al. [21];
and (iii) proposing measurements to evaluate human pose
estimations in 2-D and 3-D spaces.

II. RELATED WORKS

In Vietnam [22, 23] as well as many countries in the
world like China [24], Japan, and Thailand, there are
many martial arts postures or martial arts that need to
be preserved and passed down to posterity. Conservation
and storage in the era of technology can be done in many
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different ways. An intuitive approach is to save the joints
in the skeleton model of a martial arts instructor. Data
obtained from MS Kinect sensor v1 usually contains a lot of
noise and is lost when being obscured, especially skeleton
data of people. The skeleton data is important and presents
the human pose in a video action.

In the past, studies often looked into deformation part
model features to address the problem of skeleton estima-
tion on images. Felzenszwalb et al. [5] proposed a method
for training a multiscale deformation part model (DPM)
for object detection on images. In a partial deformation
model approach, the human body is represented as a star-
shaped structure, consisting of a root filter, a set of part
detectors, and a partial deformation model. In the DPM
model, deformation refers to relative positions of the body
parts. An SVM (Support Vector Machine) classifier is
trained on extracted features to predict the positions of the
human body parts. Sun et al. [6] proposed a model based on
the Articulated Part-based Model (APM) to detect parts of
the human body and estimate the posture of the person. The
APM model represents an object as a collection of parts at
a level of details in the range from coarse to smooth, in
which parts at all levels are connected to a coarser level
through a parent-child relationship. Pishchulin et al. [25]
as well as Andriluka [26] used the method of dividing
the human body into parts and training the model on the
parts for the estimation of one’s body pose. Andriluka et
al. [26] used AdaBoost for predicting the posture of the
person. Umer et al. [27] used Regression Forests to estimate
the direction of users on depth images obtained from MS
Kinect sensor v2. The model estimation was performed on
the parts of the labeled person, with 1000 sample position
patterns on depth images. However, the highest average
accuracy was just 35.77%.

Recently, with the strong development of deep learning,
the estimation of keypoints on human body is often done
by CNN models. Daniil et al. [14] introduced a new CNN
model for learning the features on a keypoint dataset: the
location of keypoints and the relationship between pairs
of points on the human body. This new network is based
on the OpenPose toolkit [17] and training can be done
without GPU (CPU only). In particular, the CNN model
of this study is trained and evaluated on the COCO 2016
key-point challenge dataset [20]. This is a huge dataset
of labels containing images of over 150 thousands people
with 1.7 million labels of keypoints. Kyle et al. [15] used
a CNN model to learn from the data of the keypoints of
the human body that were marked and extracted from the
connection data when projecting two cameras into people.
The result was then projected into 3-D space and then the
least squared distance algorithm was used to evaluate the
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Figure 2. Illustration of heatmaps predicted from human body image. Therein, each heatmap is a candidate prediction of keypoint locations (x, y) [28].

obtained estimates. Cao et al. [18] used a CNN model
to learn the positions of keypoints on the human body
and the geometric transformations of the lines connecting
the keypoint pairs with the above connected human body.
Evaluations were conducted on two classic datasets, the
MPII [29] and the COCO [20]. In particular, the COCO
dataset of keypoints [30, 31] has been developed for many
years. MPII and COCO datasets contain images of hundreds
of thousands of people and have been used in many
challenges/competitions on human activity estimation.

Toshev et al. [32] estimated human posture and skeleton,
considering the human skeleton as a CNN-based regression.
The authors also used a sequence of regression variables
to correct the posture and skeleton estimations to get a
better estimation. It is important that this method is based
on a completed shape of posture and skeleton. When
the joints are obstructed, they can be estimated from the
completed posture and the skeleton structure. The model
in this study is trained on the AlexNet backend network of
seven layers, in which the final layer is used to complete the
trained model and the target output values of the regression,
the number of target values was about 2000 in term of
joint coordinates.

Tompson et al. [28] created heatmaps by simultaneously
running an image through many different resolutions to col-
lect multi-resolution features at the same time. The output
is a discrete heatmap instead of continuous regression. A
heatmap predicts the probability of joints at each pixel, in
which each heatmap area is a candidate of the location of
keypoints on the human body (heatmap areas are created
as shown in Figure 2).

In addition to the training method and the prediction of
heatmaps, Wei et al. [33] proposed a network that trains
through many phases on the characteristic set of images.
They provided a sequential predictive framework focusing
on training highly predictive models. Output heatmaps of
the previous stage are used as input of the later stages, with
which the best accuracy obtained by this model on the MPII
dataset [34] was 87.95%.

116

Andriluka er al. [35] published a dataset that is struc-
tured and organized similarly to the classic datasets. These
benchmark datasets provide training sets, validation sets,
and testing sets to train and evaluate deep learning-based
methods. In particular, they also established performance
metrics for direct and fair comparison across numerous
competing approaches. Girdhar et al. [16] proposed a 3-
D human pose predictor by inflating the 2-D convolutions
into 3-D [36] to extend the Mask RCNN [37] with spatio-
temporal operations. This work used the Mask RCNN [37]
for 2-D human pose estimation, the tracking process was
the combination of 2-D human pose estimation results and
temporal information. This method achieved high accura-
cies on the challenging PoseTrack benchmark dataset [35].
However, since this method must predict the box, the
segmentation, and the keypoints, the processing time of
testing is large (5 frames/s with 8 GPUs). Meanwhile, the
method proposed by Cao et al. [18] is able to process
about 10-15 frames/s with a 12 GB GPU.

III. HUMAN POSE ESTIMATION

The activity of the human body is detected and recog-
nized as well as predicted and estimated based on body
parts. 3-D human pose estimation employs either one of
the two basic methods: (1) estimating the 3-D human pose
from a single image (RGB or depth), and (2) estimating
the 3-D human pose from an image sequence. There are
many studies on 3-D human pose estimation that use the
single-image method [9, 38, 39]. In these studies, the
keypoints and joints are estimated on 2-D images and then
mapped to the 3-D space. This model is often applied to
estimating 3-D human pose, as shown in Figure 3 [40].

In this paper, to estimate the 2-D human pose, we use the
method of Cao et al. [18]. The architecture of the CNN to
train the model is shown in Figure 3. This CNN consists of
two branches performing two different jobs. From the input
data, a set F of feature maps is created from image analysis,
these confidence maps and affinity fields are detected at
the first stage.
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Figure 3. The architecture of the two-branch multi-stage CNN for training the estimation model [18].

(b) Stage > 2

e

Figure 4. TIllustration of the detailed model to predict heatmaps [33].

Details on Cao’s model training and prediction (Figure 4)
[18] are shown as follows. The input image at stage 1 is an
RGB image which has a size of h X w. Features extracted
from convolutions with masks of sizes 9x9,2x2,5x5, ...
for the training set X as shown in Figure 5. For each mask,
there will be a trained model at each stage. As shown in
Figure 4, models g; and g, at stages 1 and 2 will predict
the heatmaps b; and b,, respectively. In Figures 4 and 5,
the Convolutional Pose Machines consist of at least 2 stages
and the number of phases is a super parameter (usually 3
stages). The second stage takes the resulted heatmaps of the
first stage as the input.

Therein, each heatmap indicates the location confidence
of the keypoints as a function of (x,y). Keypoints on the
training data are displayed on confidence maps as shown in
Figure 4. These points are estimated by the trained model
as the keypoints on input color images. The first branch
(top branch) is used to estimate the keypoints, the second
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branch (bottom branch) is used to predict the affinity fields
matching joints on people.

In addition, we also render a 3-D environment of each
video’s scene and project the results of 2-D human pose
estimation into the 3-D space, based on the intrinsic param-
eter of the Kinect sensor v1, using the PCL library [41] and
the OpenCV library [42] functions. The real coordinates
(xp,¥p,zp) and color values of each pixel when projected
from 2-D to 3-D space are calculated as in Eq. 1.

X _ (xq—cx)xdepthvalue(xy,ya)
p = fx
v _ Ga=cy)rdepthvalue(xa,ya)
p 5 (H
Z, =depthvalue(xy, ya)
C(r,g,b) = colorvalue(xg,y,)

where depthvalue(x,,y,) is the depth value of a pixel at
(x4, ya) on the depth image, and colorvalue(x,,y,) re-
turns the RGB color values of that pixel on the color image.
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Figure 5. Illustration of the detailed model to extract features for training model and to predict heatmaps at each stage [33].

IR Emitter Color Sensor

IR Depth Sensor
Tilt Motor
; i
Microphone Array
Figure 6. MS Kinect sensor vI. Figure 7. Tllustration of the obtained image from MS Kinect sensor vl
and annotated keypoints of the skeleton model.
In regard to the process of combining color and depth To capture data from the sensor, the MS Kinect SDK 1.8

information of a pixel to obtain a point in 3-D space, for  is used [43]. To perform data collection on computers,
cases where the depth values of pixels in the depth image we use a data collection program developed at MICA
are lost (value is zero), we use the average depth value of Institute [44] with the support of the OpenCV 3.4 Ii-
pixels in their 50 x 50 neighborhood. braries [42]. Calibration is required in order to generate 3-D
data from color and depth images. Particularly, we apply the
calibration methods of Zhou et al. [45] and Jean et al. [46].
In these two calibration tools, the calibration matrix is used

In our experiments, results of 2-D human pose estimation
are the keypoints {(x., y.)|e € {1,2,...,25}}. The joints are
then joined according to a predefined order.

as follows:
IV. EXPERIMENTAL RESULT fr 0 e
Hp=10 fy ¢, (2)

1. Data Collection 0 0 1

There are many different types of image sensors that can ~ Where (cx,c¢y) is the principle point (usually the image
collect information about martial arts teaching and learning. ~ center) and (fx, fy) is the focal length vector. The matrix
The MS Kinect v1 sensor as seen in Figure 6 is the cheapest ~ Hm (in Nicolas ez al. [19]) is given as follows:
sensor today. This type of sensor can collect a lot of 504.214 0 339.307
information such as color images, depth images, skeletons, H,, = 0 591.040 242.739] . 3)
acceleration vectors, sound, etc. From the collected data, 0 0 1
it is possible to recreate the environment in 3-D space.
However, in this work we only use color images captured In this work, we use two datasets for evaluating the model
by the MS Kinect vl sensor. pose estimation [17]. The first dataset is collected from a
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Figure 8. Illustrations on ground-truth for keypoints. Red points are
keypoints on the human body. Blue segments show connections between
parts of the human body.

Ground truth of

), s bone joint
-

The estimated
bone joint

Figure 9. Illustration of the estimated results of the keypoints and joints.

MS Kinect vl sensor, which can collect data at a rate of
about 10 frames/s on a low-performance laptop. The MS
Kinect sensor vl is mounted on a fixed rack; the martial
arts instructor presents in a 3 X 3m space as in Figure 10.
It is called "VNMA - VietNam Martial Arts," captured in
a martial arts class in Binh Dinh province, Vietnam. Binh
Dinh martial art is one of the famous traditional martial
arts of Vietnam.

The obtained images (color images and depth images) are
640x480 in pixels. The dataset consists of 14 videos of dif-
ferent postures, with the number of frames listed in Table I
and illustrated in Figure 8. This dataset features a martial
arts instructor with 14 different postures. The number of
frames is the number of poses in each video. The ground-
truths for keypoints are manually prepared, as illustrated
in Figures 8 and 9. The ground-truth data in each image,
which contains a single person, includes 18 keypoints.
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TABLE I
NUMBER OF FRAMES IN MARTIAL ARTS POSTURES

Video 1 2 3 4 5 6 7
Number =) 74 100 87 8 83 87
of frames

Video § 9 10 11 12 13 14
Number 2,0 90 100 97 65 68
of frames

Capture
space

-

Figure 10. Illustration of MS Kinect vl sensor settings and data
collection space.

MS Kinect 3m

The second dataset called Martial Arts, Dancing, and
Sports[21] consists of both multi-view RGB videos and
depth videos. This dataset contains five action types: Tai-
chi, Karate, Hip-hop dance, Jazz dance, and sports. The
frame rate is 10 fps for Tai-chi and Karate, or 20 fps
for jazz, hip-hop, and sports videos. The resolution of the
images are 1024 X 768 in pixels. However, all the frames in
this dataset are resized to 512 x 384 pixels. Ground-truth
data was prepared for 3-D poses, using a MOCAP (MOtion
CAPture) system [47] by Motion Analysis. Seven MOCAP
cameras were placed on the walls around the capture space
to record the positions of markers on the human body.
The MOCAP system works at 60 fps. The dataset contains
ground-truth data for 19 joints: neck, pelvis, left hip, left
knee, left ankle left foot, right hip, right knee, right ankle
right foot, left shoulder, left elbow, left wrist, left hand, right
shoulder, right elbow, right wrist, right hand, and head.

We use only Tai-chi and Karate videos of color and depth
images that contain 11200 frames. The camera calibration
matrix of the capture system is given by

331 0 254.097
H,=|0 331 180.032|. “)
0 0 1

Figure 11 illustrates the point cloud data of a scene when
a person presents Karate.

We use the 2016 MSCOCO Keypoints Challenge
dataset [48] to train the model, because our collected
dataset (VNMA - VietNam Martial Arts) is small and the
MADS (Martial Arts, Dancing, and Sports) dataset provides
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Figure 11. Illustration a point cloud data of a scene. The blue points
represents the human body in the 3-D environment.

only 3-D ground-truth data. The training dataset consists
of over 100K people and a million labeled keypoints. Each
person is marked by 17 keypoints, which are sorted by the
following order: "nose," "left_eye," "right_eye," "left_ear,"
"right_ear," "left_shoulder," "right_shoulder," "left_elbow,"
"right_elbow," "right_wrist,"  "left_hip,"
"right_hip," "left_knee," "right _knee," "left_ankle," and
"right_ankle." The model is trained for estimating and
labeling these 17 keypoints on the human body.

"left_wrist,"

non

A toolkit [49] is used for model training and testing.
This toolkit is installed on Ubuntu 16.2 and supported
by several libraries: OpenPose C++ library (for testing
only) [17], Tensorflow version 1.8 [50], Pytorch [18, 51],
Caffe2 [52], Chainer [53], MXnet [54], MatConvnet [55],
and CNTK [56]. Readers are referred to [18, 48] for
details. The training tool and the testing tool are written
in Python/Matlab/C++ language and run on a workstation
computer which has the following configurations: Intel (R)
Xeon (R) CPU E5-2420 v2 @ 2.20 GHz 16 GB RAM and
GTX 1080 Ti GPU with 12 GB RAM. The trained model is
used to estimate 25 keypoints in the following order: "nose,"
"neck," "right shoulder,” "right elbow," "right wrist," "left
shoulder," "left elbow," "left wrist," "mid hip," "right hip,"
"right knee," "right ankle," "left hip," "left knee," "left
ankle," " right eye," "left eye," "right ear," "left ear," "left
big toe," "left small toe," "left heel," "right big toe," "right
small toe," and "right heel."

non

"non

The CNN training parameters are as follows!: size of the
input images is 368 x 368 x 3 (width x height x number of
channels), batchSize = 16, stacks = 4, and the number
of stages is 6 for pooling. Our collected VNMA dataset is
still small, therefore we have not divided this dataset into
training set, validation set, and testing set. This dataset is
used only for testing.

IDetailed parameters are shown in https:/github.com/ZheC/Realtime_
Multi-Person_Pose_Estimation/blob/master/training/example_proto/pose_
train_test.prototxt.
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2. Evaluation Method

As in [18], we use Object Keypoint Similarity (OKS)
measure for evaluating the similarities between estimated
and ground-truth joints. The formula for calculating OKS
is given by [48]:

IGground - Rresultl

OSK = , 5)

G ground

where Ggroung 1S the length of a ground-truth joint vector,
Riesure 1S the length of the corresponding estimated joint
vector. The Average Precision (AP) is calculated based on
the threshold value of 0.5 for OKS. Therein, if OKS > 0.5,
meaning the difference is greater than 50% of length, then it
is considered a false estimate, otherwise it is a true estimate.

We also propose another metric called the angle of
deflection between an estimated joint Vg its corresponding
ground-truth joint Vg, which is the angle between the two
vectors: A = arccos(Vg, Ve). If A < 10° it is considered
a true estimate, otherwise it is a false estimate. Denote AD
the ratio of true estimates over the total number of joints,
and DP the average distance between estimated keypoints
and ground-truth keypoints.

The average distance in 2-D space is given by

DPy)p = E [\/(xg - xe)z + (yg - yg)2:| s (6)

where x, and y. are the coordinates of an estimated key-
point, while x, and y, are the coordinates of its correspond-
ing ground-truth keypoint, E is the expectation operator.

The average distance in 3-D space is given by

DP3p = F

\/(xg - xe)z + (yg - ye)2 + (Zg - 26)2] , (1)

where x., y., and z, are the 3-D coordinates of an estimated
keypoint, while xg, y¢, and z, are the 3-D coordinates of
its corresponding ground-truth keypoint.

3. Results and Discussion

Performance of 2-D pose estimation on the VNMA
dataset is presented in Table II. The average value of AP
in Tabble II is 95.6%. For noisy data performance could be
significantly lower, an example is video #4 (AP = 89.6%).

Pose estimation results are shown in Table II and
Figure 12, in which 25 keypoints are estimated on the
human body. However, the corresponding ground-truth data
provides only 20 keypoints on each person, therefore the
performance evaluation is performed on only 20 of the 25
estimated keypoints. It can be seen that the estimation
results are highly accurate, although the model trained on
the MSCOCO Keypoints Challenge dataset [48] and our
test data contain a lot of noise. The average accuracy ratio
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Figure 12. Results of joint estimation shown in 2-D and 3-D spaces.

AD, which is based on the angles of deflection between
the estimated joints and the ground-truth, is 95.3% for
this test dataset. The average value of DP,p which is the
deviation between estimated keypoints and the ground-truth
in 2-D image space is 14.73 pixels?. Figure 12 shows
estimated skeletons in 2-D and 3-D spaces, represented
by 17 keypoints>.

We also measure prediction probabilities in term of In-
tersection of Union (IOU) for all keypoints of three videos.
These probabilities are represented as heatmaps produced
by the CNN model, in which each heatmap area shows
the confidence scores associated with candidate positions
of a keypoint, as presented in Figures 4 and 5. Resulted
probability distributions are shown in Figure 13. We can see

2Details of the estimated results are available at this link:
https://drive.google.com/file/d/1BaFxUbOJVRIIStke YQW9I8VOp6LC4141m/
view?usp=sharing.

3The source code using OpenPose library is shared at the following link:
https://drive.google.com/file/d/10ZO8m7TvtZUDS55zf 1 TAU IHT WCk-u4pb8/
view ?usp=sharing.
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Figure 13. Probability distributions of the keypoint candidates predicted
by the CNN model for three martial arts videos.

that all three distributions are peeked within 0.8 to 0.9. That
means the trained model in [17] has good predictability.

Performance of 3-D pose estimation on the MADS
dataset is presented in Tables III and IV. From the figures
in Table III, the average value of AP is 75.93% and
average accuracy ratio AD is 79.62% and the estimated
2-D skeleton results are illustrated in Figure 14. Table IV
compares performances of the TGP-KNN method [57] and
the Pose toolkit [17] on the MADS dataset, using the
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TABLE II
AVERAGE PRECISIONS FOR ESTIMATED JOINTS (AP), AVERAGE RATIOS OF TRUE ESTIMATES FOR JOINTS (AD), AND AVERAGE DEVIATIONS OF
ESTIMATED KEYPOINTS IN 2-D IMAGE SPACE (DP;p) OBTAINED ON THE VIDEOS OF THE VNMA DATASET

Video 1 2 3 4 5 6 7 8 9 10 11 12 13 14
AP (%) 954 937 962 89.6 96.1 928 974 988 969 945 969 962 957 982
AD (%) 937 946 928 909 953 946 958 976 978 951 970 958 963 969

DPyp (pixels) 212 18.6 9.7 259 138 157 94 154 124 101 140 128 113 169
TABLE III

AVERAGE PRECISIONS FOR ESTIMATED JOINTS (AP) AND AVERAGE RATIOS OF TRUE ESTIMATES FOR JOINTS (AD) OBTAINED ON THE VIDEOS OF
THE MADS DATASET

Video 1 2 3 4 5 6 7 8 9 10 11 12
AP (%) 7120 70.53 72.64 60.53 80.50 7322 8195 9131 55.19 86.65 79.98  87.46
AD (%) 80.45 7583 80.76 6246 7877 7893 89.13 87.65 59.84 86.46 86.94 882

TABLE IV

AVERAGE 3-D DEVIATIONS DP3p (MM) BETWEEN ESTIMATED KEYPOINTS AND THE GROUND-TRUTH FOR VIDEOS OF THE MADS DATASET, USING
TWO DIFFERENT METHODS

Video 1 2 3 4 5 6 7 8 9 10 11 12
TGP-RNN [57] 2144 1674 2467 1493 1195 1972 1194 1142 2145 1132 984 1337
Pose toolkit 9053 15438 2523 14844 12034 18875 11268 1163 20665 10429 10234  120.55

[17]

deviations between estimated keypoints and the ground-
truth in 3-D space. The TGP-KNN results are those reported
in [21]. The processing time to estimate keypoints and joints
is about 75 ms per frame.

Figure 15 illustrates the color point cloud of a scene
in the VNMA dataset. Therein, the coordinate system (the
x-axis is colored red, the y-axis is colored green, and the z-
axis is colored blue) of the MS Kinect v1 sensor is shown in
the original frame. Figure 16 illustrates 3-D joint estimation
results from a scene. The human body is presented by the
point cloud.

Figure 17 shows the estimated results in the 2-D space
of the proposed dataset. This dataset were collected from a
MS Kinect v1 sensor. However, in martial arts presentation,
cases vary and the posture of the person must rotate
in many different directions. Therefore, there are many
cases where many actions are obscured. In order to build
a conservation application for training martial arts and
evaluating martial arts videos, the bone joints of these
actions should be restored.

V. CONCLUSION AND FUTURE WORK

In this paper, we first reviewed some methods for 2-D
human pose estimation on RGB images. It was proposed to
use a CNN model for estimating keypoints to predict the
actions of the martial arts instructor on a traditional martial
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arts video dataset that we contribute. Finally, we presented
methods for evaluating the estimated keypoints and joints
by 2-D and 3-D metrics. From the estimated joints human
actions can be drawn about. Therefore, training martial arts
by videos becomes easier and more explicit.

In martial arts videos, the actions (movements of body,
arms, and legs) of a martial arts instructor are not always
clear because there are many hidden joints. There are some
cases where the joints are obscured in the videos that
the model was unable to estimate. In the future, we will
conduct studies to estimate obstructed joints. When there
are sufficient joints, it is possible to build a visual martial
arts teaching model and to evaluate the performance of
traditional martial arts representations.
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