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Abstract. Genetic Studies examine relationships between genetic variation and disease
development. Pharmacogenetics studies the responses to drugs against genetic variation. These two
lines of research evaluate relationships among genotype, phenotype, and environment regarding
subjects. These studies demand a variety of other information; such as clinical observations, disease
development history, demographics, life style, and living environment. Correct and informative
modeling of these data is critical for bioinformaticians; the model affects the capacity of data
manipulation and the types of queries they can ask as well as performance of the implemented
system. In this paper, we present a conceptual model on genetic studies and Pharmacogenetics using
Unified Modeling Language (UML). Our model provides a comprehensive view of integrated data
for genetic studies and Pharmacogenetics by incorporating genomics, experimental data, domain
knowledge, research approaches, and interface data for other publicly available resources into one
cohesive model. Our model can support diverse biomedical research activities that use both clinical
and biomedical data to improve patient care through incorporation of the roles of environment, life
style and genetics. Our model consists of a set of class diagrams organized into a hierarchy of
packages diagrams to clearly and intuitively show inter-object relationships at different levels of

complexity.

1 Introduction

Completion of a high quality comprehensive sequence of the human genome marked the arrival of the
Genomic Era. Genomics heavily impacts research in the fields of biology, health, and society. Clinical
opportunities for gene-based pre-symptomatic prediction of illness and adverse drug responses are
emerging at a rapid pace [2].

Genetic studies examine relationships between genetic variation and disease susceptibility.
Pharmacogenetics is the study of response to drugs against genetic variation. These two lines of research
address the triad of relationships among genotype, phenotype, and environment. Apart from genomic
information, a variety of other information is required such as clinical observations, disease development
history, demographics, life style, and living environment. Comprehensive and correct modeling of these
data is necessary for bioinformaticians; the model affects the capacity of data manipulation and the types
of queries they can ask as well as performance of the implemented system.

There have been a lot of cutting-edge works on conceptual modeling of biological data. However,
most focus on a single type of data such as genome sequences, protein structures, protein interactions,
and metabolic pathways (see Section 2 for details). Few works address the problem of conceptual
modeling on comprehensive applications like genetic and Pharmacogenetics research. Though a large



number of works address implementation of complex biologic database systems, especially distributed
ones through recent technology like CORBA [8] [9], they address the difficulty of integrating
heterogeneous data sources rather than the complexity of one comprehensive data model.

In this paper, we present a conceptual model on genetic studies and Pharmacogenetics using Unified
Modeling Language (UML); the standard for object-oriented analysis and design [14]. Our conceptual
model supports biomedical research activities that use both clinical and biomedical data to improve
patient care by incorporating the roles of environment, life style and genetics. We developed class and
package diagrams for these domains to clearly and intuitively show inter-object relationships at different
levels of complexity. We used UML to represent conceptual models. Conceptual models can be the basis
for diverse research activities for bioinformaticians.

One distinction between our research and previous studies is that our conceptual model covers more
comprehensive and integrated data to support various genetic studies and pharmacogenetic research.
Thus, the model is more useful for the requirements of complex and comprehensive real world projects.
The rest of the paper is organized as follows: Section 2 reviews the related work. Section 3 presents our
conceptual models. Section 4 concludes our paper.

2 Related Work

In the literature, many publications address the topic of conceptual modeling of bioinformatic data and
processes. Papers range from representations of single type of data like genome sequences [16] [17],
protein structures [6] [18], protein interactions [3] [16], and metabolic pathways [4] [10] [21], to complex
applications such as genetic study and Pharmacogenetics that often cover experimental data and
knowledge management system.

Recently, conceptual modeling of genome sequence has received a lot of attention. Approaches
include object-oriented models [16] [22], semi-structured models [5], relational [1], and extended ER
models [17, 18]. Ram and Wei [18] create their own notations such as Sequences, Sequential Aggregate,
Subsequences and Fragment to express semantics of biologic sequences. The work by Paton et al. [16] is
most similar to ours in terms of approach. Both use UML notation to address representation of biologic
data and process. Their conceptual model covers genomic data, transcriptome data, and protein
interactions. Their work, however, does not include Pharmacogenetics. Thus, our work is
complementary to the work by Paton et al.

Metabolic pathways are an important source to discover the gene functionality [10]. Usually it is
helpful for provision of gene candidates for genetic studies. How to represent, store, compare and mine
metabolic pathway data is also a hot topic for the research community. Schreiber [21] represents
pathways as a directed bipartite graph and develops an algorithm to compute a better visual comparison
of metabolic pathways. Like Schreiber, Heymans and Singh [7] use graphs to represent enzymes
involved in metabolic pathways and, further, offer an iterative approach to score the similarity of
metabolic pathways among multiple organisms.

With many fundamental biologic databases available, researchers in bioinformatics turn to apply
established databases to address complex real world problems such as cancer prevention, diagnosis and
treatment. Usually those research activities involve complex experimental data and multiple-source
knowledge systems. One interesting work is the ontology development for a Pharmacogenetics
knowledge base (PharmGKB) [24]. The research group of PharmGKB implemented and compared the
ontological and relational approach to genomic sequences for Pharmacogenetics [20]. Further, they used



a frame-based system to represent ontology for experimental data and domain knowledge [15]. Their
work on modeling of pharmacogenetic data is similar to ours. We borrow some ideas from them and use
a different approach, UML, to model data for Pharmacogenetics as well as genetic studies.

3 Systems and Methods

This section presents the information models using the package diagram and class diagram notation of
the Unified Modeling Language (UML). Due to the high complexity of Information models for genetic
studies and Pharmacogenetics, all classes are not shown in one big diagram, but are split into subsystems
each of which is represented by a package. A package in UML is a mechanism that groups semantically
related items. A subsystem, an independent part of the system, is usually comprised of classes loosely
coupled and very cohesive.

In UML class diagrams, classes are drawn in rectangles with the class name at the top and optionally
with attributes and operations listed below. In this paper, we only list attributes important to
understanding the model for the sake of space saving. Besides, inter-class relationships including
generalization, aggregation, association and realization and its cardinality are shown in the diagram. The
remainder of this section is organized as follows: Section 3.1 shows the overview of the whole system as
a hierarchical package diagram; Sections 3.1-3.6 show the class diagram of each package.

3.1 A System Model

The system model shown in Figure 1 presents all subsystems in the form of a package diagram. A
package is rendered by a tabbed folder and inter-relationships between two packages are represented by a
dotted arrow. Because each subsystem depends on others, only heavy dependencies are shown in the
diagram.
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Fig. 1. A System Model of Data for Genetic Studies and Pharmacogenetics

Subject package contains classes related to experimental data of subjects including phenotype,
genotype and environment. Models for phenotype, genotype and environment are still quite complex;



thus, they are separated into Phenotype subsystem, Genotype subsystem, and Environment subsystem,
respectively.

Research package includes research dataset preparation, research approaches, and results. Dataset
preparation heavily depends on the subject package. A dotted arrow from Research package to Subject
package shows the dependency.

Knowledge base serves as an important supporting tool for genetic studies and pharmacogenetic
research. First, it provides controlled vocabulary and alternative names of objects in the system, which
allows us to query, retrieve, merge and analyze data more efficiently and effectively. Second, annotated
knowledge about relationships among genes, diseases and drugs allows us to interpret evidence of
intermediate or final research results.

Genomics and Public Resources are two other important packages. However, the details of these two
packages are not shown in the paper due to the limit of space.

3.2 A Subject Model

The genotype is defined as all or part of the genetic constitution of an individual or a group [25].
Environment includes subjects’ lifestyle, living environment, and demographic information. The
phenotype represents visible properties of an organism produced by interaction of the genotype and
environment [25].
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Fig. 2. A Subject Information Model shows the triad of relationship among genotype, phenotype and environment.

The genotype here is denoted by a subset of polymorphisms of interest. SNP is a site in the DNA
where different chromosomes differ in their base. Haplotype [27] is a set of Single Nucleotide



Polymorphisms (SNPs) of interest in a DNA sequence block. The motivation of the Haplotype for
research is explained in the section on the Genotype Model. A subject is associated with multiple alleles
of polymorphisms and with multiple haplotype alleles.

Phenotypes of interest depend on the specific clinic trial or research experiment. For the sake of
flexibility, each clinical trial or research is associated with an aggregation of phenotypes. Since observed
phenotypes could vary across research experiments, an object called Trial Observation is created to store
the observation of the subject phenotype in a specific clinical trial or research.

Environment not only describes the general sense of living environment factors, but also includes
lifestyle and demographic information of the subject. Similar to phenotypes, living environment factors
of interest are specific to a clinic trial or a research experiment. Distinct from phenotypes, although living
environment factors of interest may be different for subjects belonging to different samples, they are
fixed for a subject across trials or research. Therefore, an aggregation of environment factors is created to
associate with a subject rather than a trial. Attributes of demographics of interest, such as ethnic or racial
class, almost reach consensus. Lifestyle attributes, such as smoking or not, are in the same case. Each
subject is simply associated with one demographic and one lifestyle object.

3.3 A Research Model

Availability of map, both physical and genetic, provided the infrastructure to boost studies linking
phenotype to the interaction of the genotype and environment [11] [12]. Two particular study areas of
interest are genetic studies and Pharmacogenetics.

Genetic studies use genetic markers including SNPs and Short Tandem Repeats (STRs) as tools to
identify the genes responsible for disease susceptibility [28]. Researchers typically utilize one of two
approaches, linkage and association studies. Linkage studies typically use families with multiple affected
individuals, ideally including three or more generations to identify genetic regions more likely inherited
with a disease or biologic response than expected by random chance [28].

Linkage studies are useful to indicate single-gene disorders, but not suitable to identify genes involved
in polygenetic disorders. Polygenetic disorders are more challenging because the multiple disease genes
tend to diminish statistical significance of a linkage to any one gene. Conversely, association studies that
compare genetic differences in case and control samples provide more statistical power to identify
disease susceptibility genes [28]. Modern association studies can be categorized into three groups:
candidate-gene-based association studies, candidate-region-based association studies, and whole
genome association studies.

Pharmacogenetics is a discipline that seeks to describe how inherited differences in genetic sequences
among people influence their response to drugs [13, 19]. Pharmacogenetics helps determine why some
medicines work better for some people than others and why some people are more likely to experience
serious side effects. Knowledge that scientists gain from this research results in the delivery of safer,
more effective medicines.

For any genetic study or pharmacogenetic research, a research data set associated with a sample and a
data structure is required. For both association studies and pharmacogenetic research, samples consist of
both case and control subjects. For linkage studies, family-based samples include only individuals with
diseases.

A data structure is defined as a variable set necessary for the research. The variable set includes three
types of variables; genotypes (polymorphisms or haplotypes), environment, and phenotypes. Usually



phenotypes are treated as dependent variables, while genotypes and environmental factors are as
independent variables. Polymorphisms here usually refer to SNPs as they are the most powerful genetic
markers thus far. A haplotype is a set of ordered SNP alleles in a region of a chromosome. The
motivation for introduction of haplotypes will be explained in Section 3.4. Environment factor here has a
broad sense; it refers to subjects’ demographic information, lifestyle and living environment factors. A
data structure is associated with either one genetic disease or one or multiple drugs. In some cases,
researchers test the response of combined drugs on subjects.
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Fig. 3. A Research Model presents the data items for genetic studies and Pharmacogenetics and the intermediate or
final research results.

A research data set can be used by many research experiments which apply a specific method such as
frequency, ANOVA (Analysis of Variance), and MANOVA (Multivariate Analysis of Variance). A
research will yield a result; format of research results depends on the statistical approaches applied. Some
significant findings might be published and stored in the knowledge base. Significant findings can be
roughly categorized into two groups. One is binary relationships between phenotypes and genotypes. For
instance, a gene is associated with or without a disease; a set of SNPs is associated with or without a drug
response. The other is to the degree to which the genotype affects the phenotype. For instance, different
alleles might influence disease.



3.4 A Genotype Model

Herein, an individual’s genotype is defined as a set of polymorphisms of interest. A polymorphism is a
locus in a reference sequence with a variable length, where the sequence content might be different
against individuals and each of possible sequence content is called an allele. Thus, a polymorphism has at
least two alleles. The main types of polymorphisms include SNPs, STRs, Insertions and Deletions. SNPs
and STRs have played significant roles in genetic research as powerful genetic markers due to their high
densities in a genomic sequence.
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Fig. 4. A Model of Genotype and Experiment Essays shows the genotype of each subject that is observed from a
variety of experiment assays.

The number of SNPs in humans is known to be between 10 and 30 million SNPs. To find the regions
with genes that contribute to a disease, the frequencies of many SNP alleles are compared in individuals
with and without a disease. When a particular region has an SNP allele that is more frequent in
individuals with a disease than those without the disease, those SNPs and their alleles are hypothesized to
be associated with the disease.

A haplotype is the set of SNP alleles along a region of a chromosome. Theoretically, there could be
many haplotypes in a chromosome region. But some recent studies found that a haplotype occurs in a
block pattern: the chromosome region of a block has just a few common haplotypes, followed by another
block region also with just a few common haplotypes [27]. The recent studies also show that the common
haplotypes are found in all populations studied, and that the population-specific haplotypes are generally
rare [27].

The cost of genotyping is currently too high for whole-genome association studies. If a region has only
a few haplotypes, then only a few SNPs need to be typed to determine which haplotype a chromosome
has and whether the region is associated with a disease. That is the reason haplotypes are introduced for
genetic studies and other genotype related studies.



To detect the alleles of a set of polymorphisms on a certain subject, we need experiments. Usually a
sample set is assigned to a group of experiments, each of which is to query a set of polymorphisms within
a reference sequence. Each experiment contains a group of assays. The purpose of an assay is to detect a
particular polymorphism. Different types of assays are designed to detect different types of
polymorphisms. For instance, a genotyping assay can detect the allele of an SNP, and a Polymerase
Chain Reaction (PCR) sizing assay can detect the allele of an STR. Though there are at least eight types
of assays available, most of them just determine the allele of a polymorphism for a subject and do not
yield additional information. For this reason, only an attribute named method indicates the type of the
assay. Denaturing High Performance Liquid Chromatography (DHPLC) Assay and PCR Assay produce
additional information so that child classes are created for them. DHPLC Assay is associated with
DPHLC result that additionally analyzes whether the allele is major or not.

3.5 A Phenotype Model

The phenotype represents visible properties of an organism produced by interaction of the genotype and
environment. In this paper, phenotypes refer to disease symptoms and drug responses. Phenotypes of
subjects are mainly collected either from clinical observations or laboratory tests with the permission of
patients. In some cases, patients voluntarily submit their clinical profile for a research purpose.

Standardization of phenotypes across studies is important to the success of systems. The
standardization brings at least two advantages. First, standardized measures will reduce learning cost and
misunderstanding among researchers. As soon as a submission is accepted by the system, the data set will
be used by various research groups in the world. Second, it makes the merge of separately small size
sample sets from different research groups possible. In order to obtain stable statistical findings, most
research experiments have limitations on sample sizes. For example, a candidate-gene-based association
study might involve more than 1000 samples including cases and controls [28]. However, it is extremely
costly to collect samples for various reasons and most separate sample sets contain much less than 1000
samples. If all the measures in different sample sets are standardized, the problem can be solved easily by
ad hoc merging for a specific study.

In general, the standardization of phenotype measures involves the following three problems. The first
problem is the unit inconsistency. Most phenotypes measures are metric. So an attribute called Unit is to
identify the unit of a measure.

The second problem is the term inconsistency. It is very common that a term has multiple alternative
names in the areas like medicines, biology and bioinformatics. In our models, three methods are used to
relieve this problem. A normalized phenotype and a hierarchically organized attribute are employed to
modify phenotypes. Besides, in the model of knowledge base systems, which we will explain in Section
3.6, all synonyms for a term are listed.

The third problem is the dimensional limitation. Now the system can only accept two-dimensional
data. One dimension is a subject or a case. The other is a phenotype measure (or column). However, one
phenotype is often measured several times on a subject at different time points for a real world clinical
study. In our model, a phenotype name might include observing time information, “Blood Pressure Day
1”7, “Blood Pressure Day 107, for example. And a phenotype is associated with a normalized phenotype
which does not include time dimensional information. We also set an attribute to store time dimensional
information for each phenotype measure, which enables at least semi-automatic phenotype measure
comparisons across sample sets. For the flexibility, we assign a new phenotype ID to a phenotype



submitted by any research groups because we are not sure it is identical to any extant phenotypes in the
system the moment the data is submitted.

For any clinical studies or research experiments, more than one phenotype will be observed or tested.
Thus each study is associated with one phenotype dataset. And the same phenotype dataset might be used
for different studies conducted by the same research group. For the reason stated in the previous
paragraph, a phenotype can belong to only one phenotype dataset. A phenotype dataset may involve
multiple genes, diseases, and drugs (for Pharmacogenetics only).
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Fig. 5. A Phenotype Model addresses the representations of phenotypes in clinical trial or other experiments.

A phenotype dataset is always designed on purposes. Like PharmGKB [24], we represent the purpose
by a set of knowledge types. In PharmGKB project, knowledge is categorized into five groups: clinical
outcome, pharmacodynamics and drug responses, pharmacokinetics, molecular & cellular functional
assays, and genotypes.

3.6 Knowledge Representation Model

The knowledge base contains only domain knowledge. The experimental data, for example genetic
assays or tests, medicine response tests, and clinic studies, are not represented in the model. The
knowledge system provides the following four types of knowledge [15]: controlled vocabulary terms,
alternative names, accession numbers, and literature annotation.

Controlled Vocabulary Terms. The submitted experimental data must use the name of an object
defined in the knowledge base. This convention ensures the consistency of concepts through the system.



The controlled vocabulary terms include drugs, diseases, genes, normalized phenotypes, environment,
polymorphisms, and alleles. They are all inherited from the common superclass Object.

Alternative Names. Objects may have many synonyms. Maintenance of alternative names in the
system assists a user in searching for a concept.

Accession Numbers. Accession numbers are unique identifiers for entities in external databases.
Accession numbers are stored in object XRef (cross references) to facilitate communications with those
databases. An object can have more than one cross reference which is associated with one standard
resource such as dbSNP [33], dbSTS [34], GenBank [29], MedL.ine [35], or OMIM [32].

Literature Annotation. Genetic studies and Pharmacogenetics explore relationships among genes,
diseases, and drugs. One relationship can involve multiple genes, diseases, and drugs. The instance of
such a relationship is first of all normalized by an aggregation of knowledge types, and then annotated by
a publication which contains the findings with respect to the instance of the relationship. From the
predefined types the knowledge is associated with, a user may have ideas like what the knowledge is
about. By further reading the abstract or full text of the publication, a user knows the details.
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Fig. 6. A Model for Knowledge Representation provides the ontological information of drugs, diseases and genes
that is evidenced by scientific literature.

Though the domain knowledge base system has no direct contributions to genetic studies and
pharmacogenetic research, it is a very important supporting tool. First, the literature annotations serve as
interpretations or evidences for intermediate or final findings produced by statistical approaches. Second,
it is important to the reparation of research data.



4 Conclusions and Discussions

In this paper we presented a conceptual model for genetic studies and Pharmacogenetics. Comparing
previous studies in conceptual modeling of bioinformatics data and process, our model provides a
comprehensive view of integrated data for genetic studies and Pharmacogenetics by incorporating
genomics, experimental data, domain knowledge, research approaches, and interface data for other
publicly available resources into one model.

We used the class diagram notation of UML to represent the conceptual model. Observing the notation
of inter-class relationships such as generalization, realization, aggregation, association, and their
cardinalities, a user can intuitively understand the schema of the model. In order to show different levels
of complexity of the model, we organized the whole system as a hierarchy of packages. By aggregating a
set of low coupled and highly cohesive classes into a package, the whole system can be split to a set of
subsystems. The hierarchical package diagram is helpful for users to easily understand the complex
system. We believe that our conceptual models are comprehensive and easy to understand. They can be a
basis in supporting various aspects of Pharmacogenetics and genetic studies.

Bioinformatics is a new field. Development of genome-based approaches to disease susceptibility and
drug response is still in its infant stage. We can not come up with in advance all queries users will use and
dataset researchers expect. Thus, it is inevitable to iteratively improve our model in practice after the
system is implemented.

In the future, we plan to enhance our model as follows. First, we will enhance the model to capture
recording of experimental approaches and procedures as well as recording experimental results. Second,
we also plan to support longitudinal studies as well as cross-sectional studies. Experimental data like
genotype, phenotype and living environment factors are organized around subjects. Though longitudinal
data of a subject can be stored and accessed in the current model, a more extensive support may be
desirable.
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