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Abstract. In epidemiology, contact tracing is a process to control the spread of 
an infectious disease and identify individuals who were previously exposed to 
patients with the disease. After the emergence of AIDS, Social Network 
Analysis (SNA) was demonstrated to be a good supplementary tool for contact 
tracing. Traditionally, social networks for disease investigations are constructed 
only with personal contacts. However, for diseases which transmit not only 
through personal contacts, incorporating geographical contacts into SNA has 
been demonstrated to reveal potential contacts among patients. In this research, 
we use Taiwan SARS data to investigate the differences in connectivity 
between personal and geographical contacts in the construction of social 
networks for these diseases. According to our results, geographical contacts, 
which increase the average degree of nodes from 0 to 108.62 and decrease the 
number of components from 961 to 82, provide much higher connectivity than 
personal contacts. Therefore, including geographical contacts is important to 
understand the underlying context of the transmission of these diseases. We 
further explore the differences in network topology between one-mode 
networks with only patients and multi-mode networks with patients and 
geographical locations for disease investigation. We find that including 
geographical locations as nodes in a social network provides a good way to see 
the role that those locations play in the disease transmission and reveal potential 
bridges among those geographical locations and households. 

Keywords: Social Network Analysis, Contact Tracing, Epidemiology, Personal 
Contacts, Geographical Contacts, SARS. 

1   Introduction 

In epidemiology, contact tracing is a process to control the spread of an infectious 
disease and to identify individuals who were previously exposed to patients with the 
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disease. Through contact tracing, healthcare workers can trace the possible source of 
infection for those patients, monitor individuals who may develop the disease, and 
prevent further spread of the disease. Traditional contact tracing is based on the 
notion that disease spread is either serial or parallel, but linear in either case [13]. 
According to this notion, the transmission of infectious diseases is like a branching 
tree with a single source and no interconnection among leaf nodes. This notion, 
however, ignores the fact that people are interconnected in a complex social context 
and that such interconnection has implications for the spread of infectious diseases. 

Although the idea of social network analysis in contact tracing can be traced back 
to the 1930s [1], it got major attention after the emergence of AIDS. In 1985, 
Klovdahl [6] used AIDS as an example to illustrate the usefulness of Social Network 
Analysis (SNA) in studying the transmission of an infectious disease. Since then, 
SNA has been successfully applied to AIDS [8][14], gonorrhea [4], syphilis [15], 
tuberculosis (TB) [7][9], and Severe Acute Respiratory Syndrome (SARS) [10]. 

Through those studies, SNA has been demonstrated to be a good supplementary 
tool for contact tracing. Compared to traditional contact tracing, SNA provides a 
perspective to conceptualize the disease transmission within a group of people, 
identify the people who act as bridges between subgroups, and reveal some previously 
unrecognized patterns of transmission. In a study of a TB outbreak, McElroy et al. [9] 
found that the use of crack cocaine was an important factor in the outbreak which had 
not been recognized by the local TB control program. 

Since personal contacts are the most identifiable paths for disease transmission, the 
majority of SNA studies in epidemiology use personal contacts to model the spread of 
diseases. For sexually transmitted diseases (STDs), which require intimate contact for 
transmission, personal contacts are adequate to form a well-connected network for 
investigation. However, for diseases which can also transmit through the air or 
through contaminated inanimate objects, such as TB and SARS, personal contacts 
alone are not enough to explain the underlying context of disease transmission. In a 
study of a TB outbreak in Houston, Texas, Klovdahl et al. [7] included places as a 
type of actors in SNA and found that geographical contacts were critical for 
understanding the outbreak. In another study of a TB outbreak, McElroy et al. [9] also 
included attendance at exotic dance clubs in their network analysis and discovered 
some potential contacts among patients. 

Incorporating geographical contacts into SNA for contact tracing may raise some 
doubts about the connection of two people via their geographical contacts. Since 
geographical locations are places of social aggregation, many people are easily 
connected together via their geographical contacts without any actual contact. 
However, from these two studies, we can see that incorporating geographical contacts 
into SNA provides us a good way to find potential connections among patients and to 
see the role that those geographical locations play in disease outbreaks. Therefore, in 
this research, we aim to further investigate the necessity of incorporating geographical 
contacts into SNA for contact tracing and explore the strengths of multi-mode 
networks with patients and geographical locations for disease investigation. 

The remainder of the paper is organized as follows. In Section 2, we review the 
studies of SNA in epidemiology. In Sections 3 and 4, we discuss our research 
questions and present our research design. In Section 5, we report our analysis results. 
Section 6 concludes this paper with implications and future directions. 
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2   Literature Review 

In epidemiology, the modeling of disease transmission traditionally focuses on 
biological factors, such as the period of infectiousness and duration of incubation, and 
treats social factors as random or homogeneous mixing [11]. After the emergence of 
AIDS, SNA was shown to provide better understanding of the spread of some 
infectious diseases which transmit through intimate personal contact [6]. 

SNA has two major steps: network construction and analysis.  

2.1   Network Construction 

During network construction, individuals in a group are represented as nodes in a 
network and connected through certain types of contact. Table 1 shows the taxonomy 
of the network construction. When SNA is applied to investigate disease transmission, 
the types of contact used to construct social networks should resemble the paths of the 
transmission. For STDs, a sexual contact network is the major focus for investigation. 
In 1985, Klovdahl [6] used the AIDS data from Centers for Disease Control and 
Prevention (CDC) to illustrate how sexual contact could link 40 patients together. In 
1994, Klovdahl et al. [8] further applied SNA to investigate an AIDS outbreak in 
Colorado Springs and connected over 600 individuals in a social network with 
multiple types of contact, including sexual contact, drug use, needle sharing, and 
social contact.  

Table 1. Taxonomy of Network Construction 

Network Construction 
Disease Type of Contacts Example 

Sexual Contact AIDS (Klovdahl, 1985) 
AIDS (Klovdahl et al., 1994) 

Drug Use AIDS (Klovdahl et al., 1994) 
Needle Sharing AIDS (Klovdahl et al., 1994) 

Sexually Transmitted 
Disease (STD) 

Social Contact AIDS (Klovdahl et al., 1994) 
Personal Contact (Klovdahl et al., 2001) 

(McElroy et al., 2003) 
Tuberculosis (TB) 

Geographical Contact (Klovdahl et al., 2001) 
(McElroy et al., 2003) 

Severe Acute Respiratory 
Syndrome (SARS) 

Source of Infection (CDC, 2003) 
(Shen et al. 2004) 

In a study of a TB outbreak in Houston, Texas, Klovdahl et al. [7] included 
geographical contacts in their network and found that they were critical for 
understanding that outbreak. Later McElroy et al. [9] also included geographical 
contacts and had similar findings in their investigation. 

During the SARS outbreak in 2003, there were several super-spreaders, patients 
who directly infected more than 10 other people, reported in Singapore [2] and 
Beijing [16]. To illustrate SARS transmission through super-spreaders, social 
networks were used and constructed via the reported source of patients’ infection.  
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2.2   Network Analysis 

There are three levels of network analysis: network visualization, measurement, and 
simulation.  

2.2.1   Network Visualization 
In the visualization level, SNA is applied to visualize the disease transmission within 
a particular group. Through network visualization, we can identify subgroups within 
the group and the people who act as bridges to transmit the investigated disease from 
one subgroup to another. Combining some background information, we can further 
characterize each group and explain the underlying context of the transmission.  

In their investigation of a syphilis outbreak, Rothenberg et al. [15] reported that 
network visualization uncovered several people who acted as bridges between 
subgroups. They also included ethnographical data in their analysis and indicated that 
a group of young white girls was at the center of the outbreak and had interactions 
with several groups of boys, including a group of African-American boys. 

Network visualization for disease investigation suffers from some limitations. 
First, if the inputted network data is incomplete, the constructed network may have 
some missing nodes or fragments which could mislead our interpretation of the 
investigated scenario [4]. Second, the constructed network alone cannot provide a 
complete picture of the disease transmission [13]. We need some complementary 
data, such as ethnographic data, to explain the context of environment. 

2.2.2   Network Measurement 
In the measurement level, we measure structural properties of the constructed 
networks and make inferences about disease transmission from those properties. In 
epidemiology, the measurement focuses on the centrality of networks, which provides 
information on the importance of individuals in a network and reveals potential 
bridges between subgroups. By understanding the network structure, we can identify 
the group of people who are central to the disease transmission and design effective 
containment strategies to break the chains of transmission [6]. 

Most of the studies of SNA construct and measure only one social network. 
However, some studies construct several networks at different points of time in order 
to investigate the changes of network structure through time. For example, in a study 
of AIDS transmission, Rothenberg et al. [14] constructed three social networks with 
the same patients at different points of time and assessed network stability, behavioral 
change, and structural change among these three networks. 

2.2.3   Network Simulation 
In network simulation, mathematical models are used to form a contact network in 
which several parameters of the network may influence the transmission of the 
investigated disease. Network simulation is particularly useful when we have only a 
little knowledge about the investigated disease. For example, Meyers et al. [10] used 
three different networks, urban, power law, and Poisson, to study how contact 
patterns influence SARS transmission and found that in the same network settings, 
different contact patterns yield totally different epidemiological outcomes. 
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2.3   Incorporating Geographical Contacts into SNA 

The studies of SNA in epidemiology primarily use only personal contacts to construct 
social networks. This may stem from the fact that personal contacts are the most 
common and identifiable paths for disease transmission. However, for some diseases 
which transmit through multiple vectors, personal contacts alone may not be 
sufficient to explain the underlying context of the transmission. In an investigation of 
a TB outbreak in Houston, Texas, Klovdahl et al. [7] reported that in 37 investigated 
patients there were only 12 personal contacts found to explain that outbreak. 
Therefore, they incorporated geographical contacts into SNA by including 
geographical locations as nodes in their network and found that geographical contacts 
were critical for understanding the outbreak. In a study of another TB outbreak, 
McElroy et al. [9] included attendance at exotic dance clubs in their investigation and 
found some potential contacts among patients. 

Incorporating geographical contacts into SNA for contact tracing may raise some 
doubts about the connection of patients via their geographical contacts. First, 
geographical locations are places of social aggregation and it is easy to find many 
potential contacts among patients through their geographical contacts. Second, it is 
also questionable to connect two patients together only because they have been to the 
same place. They may have been to the place in different months. However, as noted 
by Klovdahl et al. [7], “the appropriate relative person/place emphasis would depend 
on characteristics of an outbreak and the populations at risk.” For the diseases which 
transmit not only through personal contacts and may have hospital or community 
outbreaks, incorporating geographical contacts into investigations would pinpoint the 
role that those geographical locations play in disease transmission. 

3   Research Gaps and Questions 

Since geographical locations are places of social aggregation, including geographical 
contacts in SNA helps to find potential connections among patients but also brings 
some noise into network analysis. Previous studies have not systematically discussed 
the necessity of incorporating geographical contacts and investigated the differences 
in connectivity between personal and geographical contacts in the construction of 
social networks or, more precisely, contact networks for disease investigation. 

Previous studies also have not explored the differences in network topology 
between one-mode networks with only patients and multi-mode networks with 
patients and geographical locations. 

In this research, we aim to answer the following questions: 

1. What are the differences in connectivity between personal and geographical 
contacts in the construction of contact networks for the diseases which transmit not 
only through personal contacts? 

2. What are the differences in network topology between one-mode networks with 
only patients and multi-mode networks with patients and geographical locations for 
disease investigation? 
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4   Research Design 

In this section, we first introduce our research test bed which contains Taiwan SARS 
data and summarize the important events of SARS transmission in 2003. Then we 
present our research design. All data reported are scrubbed to protect privacy. 

4.1   Research Test Bed 

SARS first emerged in Guangdong Province, mainland China, in November 2002 
[12]. By late February 2003, it spread to more than 20 countries, including Hong 
Kong, Singapore, Canada, and Taiwan. SARS was transmitted mainly through close 
personal contacts with infectious droplets. However, there was evidence showing that 
SARS could also transmit through the air [17] and contaminated inanimate objects 
[3]. SARS patients were primarily infected in healthcare and hospital settings [12].  

The first SARS patient in Taiwan, a businessman working in Guangdong Province, 
was reported on 8 March 2003 [5]. On 24 April, Taipei Heping Hospital, a municipal 
hospital, was reported to have the first SARS outbreak in Taiwan. In the beginning of 
May, several hospitals in Taiwan were reported to have SARS outbreaks. 

Taiwan SARS data was collected by the Graduate Institute of Epidemiology at 
National Taiwan University. It contains the contact tracing data of all SARS patients 
in Taiwan. In the test dataset, there are 961 patients, including 638 suspected and 323 
confirmed SARS patients. The contact tracing data has two main categories, personal 
and geographical contacts, and nine types of contact. Table 2 summarizes the 
numbers of records and patients involved in each type of contact. 

Table 2. Summary of Research Test Bed 

Main  
Category 

Type of Contacts Record Suspected 
Patients 

Confirmed 
Patients 

Family Member 177 48 63 
Roommate 18 11 15 
Colleague/Classmate 40 26 23 

Personal 
Contacts 

Close Contact Before the Onset of 
Symptoms 

11 10 12 

Foreign Country Travel History 162 100 27 
Hospital Visit 215 110 79 
High Risk Area Visit 38 30 7 
Hospital Admission History 622 401 153 

Geographical 
Contacts 

Workplace (Healthcare Workers) 142 22 120 
Total 1425 638 323 

4.2   Research Design 

Figure 1 shows our research design. We first apply personal and geographical 
contacts to construct contact networks. Then we perform connectivity analysis and 
evaluate network topology on the constructed networks. 
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Fig. 1. Research Design 

4.2.1   Contact Network Construction 
For personal contacts, we represent each SARS patient as a node in a contact network. 
If two patients have any personal contacts, such as family member, we connect these 
two patient nodes with a line. For geographical contacts, we introduce areas, such as 
countries or cities, and hospitals as two additional kinds of node in the contact 
network. For each geographical contact, we connect the patient node of that contact to 
the node of the geographical location with a line. Figure 2 demonstrates the contact 
network construction. 

 

Fig. 2. Example of Contact Network Construction 

4.2.2   Connectivity Analysis 
Connectivity analysis has two steps: network transformation and connectivity 
measurement. 

4.2.2.1   Network Transformation. In this research, we want to know how many other 
patients a particular patient is connected with after we apply a certain type of contact 
to construct a network. We first construct a contact network with only the type of 
contact we want to investigate. Table 3 lists the types of contact in our investigation. 

Personal Contact 

Geographical Contact 
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Table 3. Types of Contacts in the Investigation 

Personal Contacts Geographical Contacts 

− Family Member 
− Roommate 
− Colleague/Classmate 
− Close Contact 

− Foreign Country Travel 
− Hospital Visit 
− High-Risk Area Visit 
− Hospital Admission History 
− Workplace 

Since a constructed contact network is a multi-mode network which has three kinds 
of nodes, patients, areas, and hospitals, we need to transform the constructed network 
into a one-mode network which has only one kind of nodes, patients. After the 
transformation of the constructed contact network, we are able to measure how many 
other patients a particular patient connects to with the type of contact under 
investigation by the standard SNA measures. In the network transformation, we 
connect two patient nodes together in the one-mode network if these two patient 
nodes are connected to the same geographical node in the contact network. For 
example, in Figure 2, Patient 2 and 3 are connected to Area 1 in that contact network. 
In the network transformation, we connect Patients 2 and 3 together in the one-mode 
network of that contact network since they all have been to Area 1. 

4.2.2.2   Connectivity Measurement. In this research, connectivity is defined as the 
degree to which a type of contact can connect individual patients to form a network. 
We use two measures commonly used in SNA, the degree of a node and number of 
components, to measure the connectivity. The degree of a node in a network is the 
number of lines that are incident with the node. The number of components is the 
number of maximum connected sub-networks in a network. Logically, if a type of 
contact has high connectivity in network construction, the degree of a patient node 
should significantly increase from zero and, at the same time, the number of 
components should also significantly decrease from the total number of nodes. After 
each constructed contact network is transformed into a one-mode network, we 
perform the measurement on it. 

4.2.3   Network Visualization 
In this research, we also want to know whether including geographical locations as 
nodes in contact networks provides additional insights in disease investigation. We 
first evaluate the differences in network topology between a contact network and its 
transformed one-mode network. Then we analyze the potential insights that a contact 
network with geographical nodes provides. 

5   Research Results 

In this section, we present our research results. 
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5.1   Connectivity Analysis 

In the connectivity analysis, we first evaluate the differences in connectivity between 
two main categories, personal and geographical contacts in the construction of SARS 
contact networks. Table 4 shows the results of connectivity analysis for personal and 
geographical contacts. From Table 4, we can see that geographical contacts provide 
much higher connectivity than personal contacts do in the SARS study. If we only 
apply personal contacts to construct a contact network, we increase the average 
degree of nodes from 0 to 0.31 and decrease the number of components from 961, the 
total number of patient nodes, to 847. In other words, the constructed contact network 
with only personal contacts is too sparse to get a comprehensive understanding of 
SARS transmission. In contrast to personal contacts, geographical contacts increase 
the average degree of nodes from 0 to 108.62 and decrease the number of components 
from 961 to 82. This means that the majority of SARS patients have no personal 
contacts with each other and that the connections among them are mainly through 
attendance at some hospitals or high risk areas. In Table 4, the maximum degree of 
nodes in geographical contacts is 474. The node with the maximum degree represents 
a news reporter. He went to two hospitals during the outbreak investigation and then 
was admitted to another hospital after his onset of symptoms. Therefore, through his 
geographical contacts he is connected to other patients of these three hospitals. 

Table 4. Result of Connectivity Analysis for Personal and Geographical Contacts 

 Average Degree Maximum 
Degree 

Number of 
Components 

Personal Contacts 0.31 4 847 
Geographical Contacts 108.62 474 82 
Personal + Geographical Contacts 108.85 474 10 

Table 5 shows the connectivity analysis of all nine types of contact. We can see 
that hospital admission history has the highest connectivity and hospital visit is the 
second highest. This is consistent with the fact that patients are primarily infected in 
hospitals. In personal contacts, family member has the highest connectivity. However, 
its average degree and number of components is still lower than any type of contact in 
the geographical contacts category. 

Table 5. Connectivity Analysis for the Nine Types of Contacts 

Main  
Category 

Type of Contacts Average 
Degree 

Maximum 
Degree 

Number of 
Components 

Family Member 0.21 4 893 
Roommate 0.03 2 946 
Colleague/Classmate 0.06 3 934 

Personal 
Contacts 

Close Contact 0.02 1 949 
Foreign Country Travel 2.73 41 848 
Hospital Visit 10.08 105 753 
High Risk Area Visit 1.39 36 924 
Hospital Admission History 50.48 289 409 

Geographical 
Contacts 

Workplace 4.69 61 823 
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5.2   Network Visualization 

We use the contact network with all available personal and geographical contacts to 
explore the differences in network topology between the contact network and its 
transformed one-mode network. In this contact network, there are 961 patient nodes, 
22 area nodes, 14 hospital nodes, and a total of 1313 edges. Figures 3 and 4 show the 
contact network and its transformed one-mode network. As seen in the one-mode 
network shown in Figure 4, with only patient nodes, it is difficult to distinguish the 
interconnections between them through the network visualization when their 
relationships get complicated. Compared to its one-mode network, the contact 
network clearly shows the role of those geographical locations in disease 
transmission. Since there were several hospital outbreaks during the SARS period in 
Taiwan, we can see from Figure 3 that the majority of patient nodes are spread around 
the hospital nodes in the contact network. 

 

Fig. 3. Contact Network with All Available Personal and Geographical Contacts 

: Area : Hospital : Confirmed SARS Patient : Suspected SARS Patient 
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: Confirmed SARS Patient : Suspected SARS Patient  

Fig. 4. Transformed One-Mode Network with Only Patient Nodes 

Furthermore, incorporating geographical locations into modeling of disease 
transmission also helps to reveal some potential people who act as bridges to transfer 
a disease from one subgroup to another one. Figure 5 shows the potential bridges 
among hospitals and households in the contact network. 

 

Fig. 5. Potential Bridges among Hospitals and Households in the Contact Network 

For a hospital outbreak, including geographical contacts in the network is also 
useful to see the possible disease transmission scenario. Figure 6 demonstrates the 
evolution of a small contact network of Heping Hospital through the onset dates of  
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Fig. 6. Example of Network Evolution through the Onset Dates of Symptoms 

symptoms. On April 16, Mr. L, a laundry worker in Heping Hospital, had a fever and 
was reported as a suspected SARS patient. On April 16 and 17, Nurse C took care of 
Mr. L. On April 21, Ms. N, another laundry worker, and Nurse C began to have 
symptoms. On April 24, Heping Hospital was reported to have a hospital outbreak. 
On May 1, Nurse C’s daughter had a fever. From the evolution of the network, we can 
clearly see the development of the hospital outbreak. 

6   Conclusions and Future Directions 

The studies of SNA in epidemiology primarily use personal contacts to construct 
social networks and model the transmission of diseases. However, for the diseases 
which also transmit through the air or through contaminated inanimate objects, 
personal contacts alone are not enough to explain the underlying transmission context. 
Previous studies have demonstrated that including geographical contacts in SNA can 
reveal potential contacts among patients. In this research, by using Taiwan SARS data 
as the test dataset, we further investigate the differences in connectivity between 
personal and geographical contacts in the network construction for these diseases. 
From our research results, we can see that geographical contacts provide much higher 
connectivity in network construction than personal contacts. Therefore, for modeling 
the transmission of these diseases, incorporating geographical contacts into SNA is 
necessary to construct a well-connected contact network for investigation. We also 
explore the strengths of including geographical locations as nodes in the network 
visualization. Our results show that introducing geographical locations in SNA 
provides a good way not only to see the role that those locations play in the disease 
transmission but also to identify potential bridges between those locations. If we 
apply some context data, such as the onset dates of symptoms, we can further 
understand the development of some outbreaks. 

For SARS, there is evidence showing that some patients were infected in flights or 
trains [12]. Incorporating transportation contacts into SNA will be our next focus. In 
addition, including geographical locations into SNA helps to reveal potential contacts 
but also brings some noise in network analysis. Therefore, we will also study 
approaches to filter those potential contacts and find the critical ones. 
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