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Abstract 
 
Despite the benefits of applying methods of geographic information 

science (GIScience), the use of such methods in health service planning 

and provision remains greatly underutilized. Spread of epidemic 

diseases is a constant threat to mankind and the globalization of the 

world increases the risk for global attacks from multi-resistant bacteria 

or deadly virus strains. Therefore, research is needed to better 

understand how GIScience could be used in epidemiologic analyses and 

other health applications. 

 

This thesis is divided into two parts; one for epidemiologic analyses and 

one for neighbourhood studies. The overall objective of the 

epidemiologic part of this research is to understand more about the 

spatial spread of past pandemics and to find out if there are any common 

patterns. This overall objective is divided into four specific research 

objectives; 1) to describe the spatial spread of the Russian Influenza in 

Sweden, 2) to create models of propagation of the Black Death in 

Sweden, 3) to establish spatiotemporal characteristics common to past 

pandemics in Sweden and 4) to visualize the spatiotemporal occurrence 

of salmonella among animal herds in Sweden. 

 

This thesis also discusses some other aspects of health related to place. 

Are differences in neighbourhood deprivation related to the amount of 

presence of goods and services? Is the way cities are planned affecting 

the behaviour within the local population regarding spontaneous 

walking and physical activity? The specific research objectives for this 

part are to define how deprivation is related to presence of goods and 

services in Sweden and to create walkability indices over the city of 

Stockholm including a quality test of these indices. 

 

Case data reported by physicians were used for the epidemiologic 

studies. The pandemics discussed covered the entire world, but our data 

is from Sweden only and as regards the Black Death there was no case 

data at all. The data for the goods and services analyses are from all of 

Sweden, whereas the walkability indices are based on data from the city 

of Stockholm. Various methods have been used to clean, structure and 

geocode the data, including hand written reports on case data, maps of 

poor geometric quality, information from databases on climate, 

demography, diseases, goods and services, income data and more, to 
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make this data feasible for spatial analysis, modeling and visualization. 

Network analysis was used to model food transports in the 14th century 

as well as walking in the city of Stockholm today. Proximity analysis 

was used to assess the spatio-temporal spread of the Russian Influenza. 

The impact of climatological factors on the propagation of the Asian 

Influenza was analyzed and geographically weighted mean (GWM) 

calculations were used to discover common characteristics in the 

spatio-temporal spread of three past pandemics. 

 

Among the results generated in the epidemiologic study the following 

should be noted in particular; the local peaking periods of the Asian 

Influenza were preceded by falling temperature, the total peaking 

period for the three pandemics (Russian, Asian and A(H1N1)pdm09) 

was approximately 10 weeks and their weekly GWM followed a path 

from southwest to northeast (opposite direction for the 

A(H1N1)pdm09). From the neighborhood studies one can note that 

compared to the results measured and reported by tested individuals 

there is a positive (small but significant) association between 

neighborhood walkability and physical activity outcomes.  

 

The main contribution of this work is that it gives epidemiologists and 

public health specialists new ideas, not only on how to formulate, 

model, analyze and visualize different health related research questions 

but also ideas on how new procedures could be implemented in their 

daily work. Once the data reporting is organized in a suitable manner 

there is a multitude of options on how to present important and critical 

information to officials and policy makers.  

 

 
Key words: 
 

Sweden, spatial analysis, spatial modeling, spatio-temporal spread, 

epidemiology, pandemic, walkability, health, Russian influenza, Asian 

influenza, A(H1N1)pdm09, GWM, climate factors   
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1 Introduction 

1.1 Background 
 

“On 7 September 2004, a mother arrived at her 11-year-old daughter’s 

bedside in a provincial hospital in Thailand. She sat down, hugged and 

kissed her child, and wiped secretions from her mouth. Little did she 

know that her daughter’s breathing difficulties were caused by the 

deadly H5N1 avian influenza virus. The next day, the girl was dead and, 

nearly two weeks later, so too was the mother, making a strong case for 

the virus passing from one human to another” (Ungchusak et al. 2005). 

The influenza virus, however, has to find a more efficient way to reach 

humans to cause a pandemic. It has leapt from birds to humans, and it 

has killed about 50% of those who were infected. But we need not be 

really worried until the virus finds a genetic combination that allows it 

to jump easily from human to human. Only then will we face the 

pandemic that the world's media would have us believe is imminent 

(Nichols 2006). 

 

In 2003 the highly pathogenic strain (H5N1) started to spread 

throughout Asia and the avian influenza reached Europe in 2005. The 

Middle East and Africa were reached the following year (Monke 2006). 

In 2006 domestic as well as migratory birds infected with the deadly 

virus of type H5N1 were found at several locations in Sweden. 

 

Table 1 (Wikipedia 2013a is the only source found here) shows a list of 

the known viral pandemics. The Spanish flu is worst with more than 20 

million deaths, but still not as severe as the Black Death, the plague, 

caused by the bacterium Yersina pestis, in the 14th century. Killing more 

than 30% of the population wherever it reached the Black Death is the 

worst catastrophe in mankind.  
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Table 1. Known influenza pandemics (after Wikipedia 2013a) 

 

Name of 

pandemic 

Date Deaths Case 

fatality rate 

Subtype 

involved 

Pandemic 

Severity Index 

Russian 

Influenza 

1889–

1890 

1 million 0.15% possibly 

H3N8 

or H2N2 

NA 

Spanish Flu  1918–

1920 

20 to 100 

million 

2% H1N1 5 

Asian 

Influenza 

1957–

1958 

1 to 1.5 

million 

0.13% H2N2 2 

Hong Kong 

Flu 

1968–

1969 

0.75 to 1 

million 

<0.1% H3N2 2 

Russian flu 1977–

1978 

no accurate 

count 

N/A H1N1 N/A 

2009 flu 

pandemic 

2009–

2010 

18,000 0.03% H1N1/09 N/A 

 

To understand more on how GIScience was and could be used in the 

efforts of many authorities to prevent further spread of the avian 

influenza I organized a Swedish seminar at the Karolinska Institutet in 

Stockholm in May 2006. The presentations and discussions at the 

seminar inspired me to conduct the multi-disciplinary studies that make 

up the main part of this thesis. 

 

Geographic Information Systems (GIS) integrates five key 

components: hardware, software, data, people, and methods. Often 

GIScience is thought of as a relatively young science, starting some 50 

years ago when computing techniques made it possible to convert 

graphics and maps into geographical layers, perform some sort of 

analysis and visualize the results as graphs or maps. Some consider Dr 

John Snow as the father of GIScience and incidentally also the father of 

modern epidemiology. In 1849 there was a serious cholera epidemic in 

London. Dr Snow marked the location of all the deaths with pins on a 

map and identified a cluster of pins, representing cholera deaths, near 

Broad Street. On this map he also had the public wells located, and as 

he found that the cluster of pins was very close to a well at Broad Street 

he assumed that the water from the well could be contaminated with 

something very harmful. Dr Snow was not aware of the character of the 

contagion, but presenting his map to the London authorities he managed 



13 

 

to convince them to remove the handle of the contaminated well. After 

that the cholera epidemic started fading out. This is a very good 

example of Tobler’s (1970) first law of geography: everything is related 

to everything else, but near things are more related than distant things.  

 

As stated by Crowl et al. (2008) invasive species and infectious diseases 

are becoming more prevalent and widespread because of human 

mobility, land-use change, and climate change. Disease vectors and 

pathogens are spreading across continents. Coordination of networks at 

all levels is a must to adequately understand and predict the spread of 

invasive species and disease (Peterson et al. 2003). Observational as 

well as experimental approaches are required to fully understand the 

biotic and abiotic factors that influence the effects and impacts of these 

occurrences. 

 

Mitigation of disastrous consequences by pandemic influenza 

outbreaks may be facilitated by correct predictions of onset of epidemic 

activities in different areas, allowing for optimal distribution of 

vaccines, antivirals and of social distancing in severe epidemics. Social 

behaviour and climate factors (Chowell et al. 2009 and Chowell et al. 

2012) may affect the spread of pandemic influenza viruses, but also 

other factors. The propagation of an influenza is e.g. depending on 

certain traits of the different viruses and possibly also by interference 

from other viruses (Casalegno et al. 2010 and Huang et al. 2008), who 

are more efficiently spread than influenza virus under certain climate 

conditions (Linde et al. 2009). As a result the efficiency of the spread 

or, more precisely, the R0-value (May et al. 2001) may therefore vary 

for the same influenza virus due to different circumstances. An early 

understanding of factors allowing for efficient spread of different new 

influenza viruses is vital for handling of a pandemic. Studies of virus 

spread in animal models under different climate conditions (Tellier 

2009 and Lowen et al. 2007) may facilitate an early understanding of 

viral traits, but we may also get new knowledge from old pandemics. 

 

That place may affect health is self-evident and should not need any 

further explanation. To the questions on how and why there is however 

room for a multitude of models and definitions. Nuckols et al. (2004) 

conclude that the use of GIScience in exposure assessment for 

environmental epidemiology studies is not only feasible but can 

enhance the understanding of the association between contaminants in 
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our environment and disease. That both space and membership in 

geographically-embedded administrative units can produce variations 

in health, resulting in geographic clusters of good and poor health is 

demonstrated by Arcaya et al. (2012). Boumédienne et al. (2011) 

conducted a thorough study to detect clusters of amyotrophic lateral 

sclerosis (ALS) and their relationships with exposure of the population 

to various environmental factors in the Limousin region of France. 

Three regional clusters and their spatial spread were identified. 

 

Other aspects of health and place, such as how the local environment 

influences our habits and behaviour are also discussed in this thesis. 

Mechanisms underlying the associations between neighborhood 

deprivation and poor health are poorly understood. Macintyre (2007) 

has previously launched the idea of ‘‘deprivation amplification’’ in 

studies from Glasgow, Scotland. This could be described as a pattern 

by which people living in deprived neighborhoods have lower 

accessibility to health-promoting goods, services, and resources, such 

as health care centers and physical activity facilities, than people living 

in affluent neighborhoods. In addition, people living in deprived 

neighborhoods might have higher accessibility to potentially health-

damaging goods and services, such as fast food restaurants, liquor 

stores, and bars, which could contribute to a poor lifestyle.  

 

Physical activity is associated with a number of positive health 

outcomes, such as increased longevity (Sundquist, Qvist, Sundquist, & 

Johansson, 2004) and decreased risks of cardiovascular disease (Sesso 

et al., 2000, Sundquist, Johansson et al., 2005 and Sundquist, Qvist 

et al., 2005), diabetes mellitus type 2 (Burchfiel et al., 1995 and Manson 

et al., 1992), and some types of cancer (Ratnasinghe, Modali, Seddon, 

& Lehman, 2010). The World Health Organization (WHO) has stated 

that it is important to increase people’s levels of physical activity in 

order to decrease the global burden of these widespread diseases 

(WHO, 2010). Recently, there has been an increasing focus on studies 

of the association between physical activity and attributes of the built 

environment, such as neighborhood walkability. 

1.2 Research Objectives 
 

Population growth, urbanization, climate change, and technical 

development are strong forces with high impact on the conditions of 

http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib27
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib27
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib23
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib23
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib28
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib29
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib29
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib3
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib14
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib14
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib21
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib21
http://www.sciencedirect.com.focus.lib.kth.se/science/article/pii/S027795361100147X#bib33
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life for humanity today and for coming generations. We are increasingly 

aware that the resources that once seemed endless do have limits and 

that we will not be able to stretch these limits much longer. There is no 

doubt we have to be smarter, to survive and to live good lives, now and 

in the near future. To change and find new ways you have to know 

where you are and what caused the present situation. Spread of 

epidemic diseases is a constant threat to mankind and the globalization 

of the world increases the risk for disastrous consequences of attacks 

from multi-resistant bacteria or deadly virus strains. The specific 

motivation behind this thesis includes epidemiologic issues as well as 

other issues on place and health.  

 

Much has already been written on GIScience and health. Still very little 

of the research results and methods published so far have been used in 

the daily work of epidemiologists. The overall objective of the 

epidemiologic part of this research is to understand more about the 

spatial spread of past pandemics and to find out if there are any common 

patterns, but also to provide methods that could be easily implemented 

and used by epidemiologists lacking knowledge in GIScience. 

 

This thesis also discusses some other aspects of health related to place. 

Are differences in health outcome related to the presence of goods and 

services in the neighborhood? There are inconsistent results in previous 

studies and a need to provide up-to-date evidence on how neighborhood 

goods, services, and resources are distributed across different levels of 

neighborhood deprivation. 

 

Results from studies in the U.S. (Sallis, Saelens, Frank, Conway, 

Slymen, Cain et al., 2009) and Australia (Owen et al., 2007) indicate 

that the way cities are planned is affecting the behaviour within local 

population regarding spontaneous walking and physical activity. There 

is, however, a need to examine whether the associations found in the 

U.S. and Australia also hold up in a European context. This is important 

because there are large differences in the built environment between 

Europe and the U.S. or Australia. In addition, Europe is characterized 

by a high degree of heterogeneity in the approximately 750 million 

people living in around 50 countries.  
 

The primary scientific questions in this thesis are: 
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1) Could the spatiotemporal spread of the Russian Influenza in 

Sweden 1889-1890 be visualized? 

2) Can the spatiotemporal spread of the Black Death in Sweden 

1349-1350 be modelled despite total lack of case data? 

3) Are there any common patterns in the spread of pandemics in 

Sweden? 

4) Are there any common patterns in the spread of salmonella 

among animal herds in Sweden? 

5) Does accessibility to different goods and services differ by 

level of neighborhood deprivation? 

6) How can local walkability indices be defined for the city of 

Stockholm?  

 

Accordingly the specific research objectives are: 

 

1) To describe the spatiotemporal spread of the Russian Influenza 

in Sweden in map series and in animations  

2) To create models of propagation of the Black Death in Sweden 

and to visualize the spatiotemporal spread  

3) To establish spatiotemporal characteristics common to three 

past pandemics in Sweden 

4) To visualize the spatiotemporal occurrence of salmonella 

among animal herds in Sweden over a period of time 

5) To define how deprivation is related to presence of goods and 

services in Sweden  

6) To create walkability indices over the city of Stockholm and to 

test whether the objectively defined indices match experienced 

and measured physical activity among selected tested persons 
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1.3 Thesis organization 

 

The thesis is based on the following papers: 

 

I. Skog L., Hauska H., Linde A., 2008. The Russian Influenza in 

Sweden in 1889-90: An Example of Geographic Information 

System Analysis, Eurosurveillance, (LS designed and carried 

out the analyses and is the main contributor to the paper. AL 

contributed to the overall structure of this paper. HH provided 

advice and guidance during the development of the paper. All 

authors read and approved the final manuscript.) 

 

II. Skog, L. and Hauska, H., 2013. Spatial Modeling of the Black 

Death in Sweden. Transactions in GIS, 17: 589–611. doi: 

10.1111/j.1467-9671.2012.01369.x (LS designed and carried 

out the analyses and is the main contributor to the paper. HH 

provided advice and guidance during the development of the 

paper. Both authors read and approved the final manuscript.) 

 

III. Skog L., Linde A., Palmgren H., Hauska H., Elgh F., 2013. 

Spatiotemporal Characteristics of Pandemic Influenza, 

Submitted to BMC Infectious Diseases (LS designed and carried 

out the analyses and is the main contributor to the paper. FE is 

the initiator of the research project. HP was deeply involved in 

the acquisition of case data from the Asian Influenza. AL 

contributed significantly to the overall structure of this paper. 

HH provided advice and guidance during the development of 

the paper. All authors read and approved the final manuscript.) 

 

IV. Lewerin S., Skog, L., Frössling J., Wahlström H.. 2011. 

Geographical distribution of salmonella infected pig, cattle and 

sheep herds in Sweden 1993-2010, Acta Veterinaria 

Scandinavica 2011 53:51 (All authors participated in the design 

of the study. HW and SSL performed the data collection and 

data cleaning. LS produced the maps of infected herds and JF 

produced the population density maps. SSL wrote the 

manuscript and produced the graphs and table. All authors read 

and approved the final manuscript.) 
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V. Kawakami N., Winkleby M., Skog L., Szulkin R., Sundquist K., 

2011. Differences in neighborhood accessibility to health-

related resources: A nationwide comparison between deprived 

and affluent neighborhoods in Sweden, Health & Place. 

(LS contributed to the analysis and interpretation of data and 

revised the article critically for important intellectual content. 

All authors read and approved the final manuscript.) 

 

 

VI. Sundquist K., Eriksson U., Kawakami N., Skog L., Ohlsson H., 

Arvidsson D., 2011. Neighborhood walkability, physical 

activity, and walking behavior: The Swedish Neighborhood and 

Physical Activity (SNAP) study, Social Science & Medicine.  

(LS Lars Skog contributed to the analysis and interpretation of 

data and revised the article critically for important intellectual 

content. All authors read and approved the final manuscript.) 

 

In this thesis GIScience in general and spatial modeling in particular 

was applied to visualize the spread of highly contagious diseases. The 

aspect on how place may affect physical health is also discussed. All 6 

studies included in the thesis are based on Swedish data. 

 

Figure 1 shows the organization of the selected papers in the thesis. The 

first section discusses spatiotemporal spread of epidemic diseases based 

on historic and modern case data whereas the second section consists 

of analyses on how our physical neighbourhood may impact physical 

health. 
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Figure 1. Organization of the selected papers in the thesis 

 

Using data from a study of the 1889-90 Russian flu in Sweden, Paper I 

describes how GIScience may improve analyses and presentation of 

surveillance data. In 1890, immediately after the outbreak, all Swedish 

doctors were asked to provide information about the start and the peak 

of the epidemic. General answers on the epidemic were received from 

398 physicians and data on individual patients were available for more 

than 32,600 persons. These historic data were reanalysed with the use 

of GIS, map documents and animated video sequences, to depict the 

onset, the intensity and the spread of the disease over time. To better 

understand how the influenza was disseminated, Thiessen polygons 

were created around 70 places reported on by the doctors. Having 

prepared GIS layers of the population (divided into parishes), 
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estimations could be made for all the Swedish parishes on the number 

of infected persons for each of the 15 weeks studied.  

 

Results from this paper were used in Paper III where spatiotemporal 

characteristics from the Russian Influenza were compared with those of 

the Asian Influenza 1957-1958 and the A(H1N1)pdm09 pandemic, in 

order to find common patterns. Prediction of timing for onset and peak 

in an influenza pandemic is of vital importance for preventive measures. 

All cases were geocoded and analysed in space and time. Animated 

video sequences showing weekly incidence per municipality and its 

geographic weighted mean (GWM) were created to depict and compare 

the spread of the pandemics. Daily data from 1957-1958 on temperature 

and precipitation from 39 weather stations were collected and analysed 

with the case data to examine possible climatological effects on the 

influenza dissemination. A 10 weeks duration for the major outbreaks 

of the influenza pandemics could be verified for all three pandemics. 

The weekly GWM of the incidence of all three pandemics is mainly 

moving along a line from southwest to northeast (for the 

A(H1N1)pdm2009-2010 the direction was the opposite; northeast to 

southwest ). An important observation is that the local peaking of the 

Asian Influenza was preceded by falling temperature. 

 

Much of the geographic data in Paper I was also used in Paper II where 

the spread of the Black Death was spatially modeled. The study is 

limited to models for the propagation of the disease in Sweden in 1350. 

Geographic data on Swedish water bodies and medieval road networks, 

historical data on the population in Swedish parishes, including their 

medieval boundaries, along with historical notes and disease 

characteristics, were used to build alternative models for spatial 

distribution. Three different models are presented: one radial, one cost-

based and one combining network analysis and radial propagation. 

Simulations were made to depict different scenarios on the spread of 

the disease. For purpose of validation the population decrease estimated 

in each parish is compared with independent historical documents. 

Results from model scenarios are visualized in maps of propagation, 

animated video sequences and a web map service.  

 

As the spread of contagious diseases among humans often is depending 

on spread of disease among animals an additional study was started with 

cooperation from the Swedish Veterinary Institute. The aim of Paper IV 
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was to illustrate the geographic distribution of the salmonella cases 

detected in pigs, cattle and sheep. Data on all herds with pigs, cattle and 

sheep found to be infected with salmonella during the time period from 

1993 to 2010 were obtained from the Swedish Board of Agriculture. 

Maps were produced of infected herds, stratified on animal species as 

well as salmonella serotype.  

 

In Paper V a nationwide Swedish study used geocoded data from all 

businesses in Sweden to examine the distribution of 12 main categories 

of goods, services, and resources in 7000 neighborhoods. The main 

findings were that high- and moderate-deprivation neighborhoods had 

a significantly higher prevalence of all types of goods, services, and 

resources than low-deprivation neighborhoods.  

 

More knowledge concerning the association between physical activity 

and objectively measured attributes of the built environment is needed. 

The aim of Paper VI was to examine the associations between 

neighborhood walkability and walking for active transportation or 

leisure. Using GIScience methods an index consisting of residential 

density, street connectivity, and land use mix was constructed to define 

walkability for the neighborhoods in Stockholm City. The results show 

that individuals living in highly walkable neighborhoods are 

significantly more likely to spend more time on walking for leisure and 

active transportation as compared to those living in less walkable 

neighborhoods. 

 

The topics of the papers presented in this thesis may seem 

heterogeneous, but the common denominator is that they all discuss 

different aspects of health related to place. With an aging and growing 

population the relations between health and place become increasingly 

important for the management of a sustainable society. 
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2 Literature review 
 

The literature review is divided into two sections. The first section 

covers analysis and modeling of spatiotemporal spread of epidemic 

diseases whereas the second section is devoted to papers discussing 

how the built environment may impact physical activity and health. 

 

2.1 Spatial analysis and modeling of epidemic 
diseases 

 

Of all historical events there is probably none that has had more impact 

on mankind than the “Black Death” that swept over the world in the 

14th century. Not much has been written on the spatial aspects of 

historical epidemiology. Christakos et al. (2005) have carried out a 

thorough study on spatial modeling for epidemiology taking the Black 

Death as an example. They are suggesting an interdisciplinary 

knowledge integration methodology as a basis for stochastic spatial 

modeling. Their “synthetic epidemic paradigm” involves four major 

phases; adequate conceptualization, rigorous formulation, substantive 

interpretation and innovative implementation. In space-time epidemic 

modeling two modes of uncertain reasoning can be distinguished; 

 

 Statistical induction (Bayesian conditional) 

 Stochastic deduction (non-Bayesian conditional) 

 

Probability functions based on the above reasoning do not determine 

what will happen. Instead information is provided about the 

comparative likelihoods of what might happen. In epidemic modeling 

in general and in the case of the Black Death in particular, 

spatiotemporal random fields (S/TRF) are introduced. For the case of 

the Black Death the authors mention a number of critical empirical 

parameters such as: 

 

 Duration of the epidemic in a community 

 Beginning of the epidemic 

 Ending of the epidemic 

 Time interval when an individual is contagious 
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 Number of adequate contacts per time interval above 

(depending on lifestyle characteristics of the susceptible 

individuals) 

 Population size at the beginning of the epidemic 

 Cumulative number of fatalities during the epidemic 

 Empirical Black Death conversion factor to convert from 

number of infected to number of deaths 

 

Based on Bayesian Maximum Entropy technique Christakos et al. 

(2005) have developed a temporal geographic information system that 

they use for modeling the Black Death. The authors have collected data 

on the Black Death from all over Europe and, as a result, they have been 

able to produce spatiotemporal maps depicting mortality figures with 

one month time interval. The quality and the density of the data are 

considerably better for southern Europe as compared to the northern 

parts. For Sweden and Denmark they have not been able to find any 

data on mortality for any location.  

 

Landers (1992) suggests a model of the proximate determinants of 

exposure and resistance to infection, and derives predictions for 

mortality patterns. Simulated data are tested against data from London 

for the period 1670-1830. According to the author the results generally 

support the predictions; they also demonstrate effects of England’s 

political economy at that time. 

 

Smallman-Raynor and Cliff (2001) geocoded and spatially modeled 

data from a report on the daily occurrence of 19,000 cases of typhoid 

fever in 89 volunteer regiments of the U.S. Army during the Spanish-

American war in 1898. A model for transfer diffusion is developed 

describing how military diktat (relocation of infected regiments) drove 

the spatial course of the epidemic. The relevance of this model 

compared to models for contagious and hierarchical diffusion was 

examined using autocorrelation on graphs. Three matrices describing 

transfer (movement of regiments), proximity (which camp is the 

closest?) and camp hierarchy (which camp is the next smallest and 

which is the next largest?) were created. Graphs were created from the 

three matrices and the quality of the fit between each of the graphs with 

the weekly typhoid morbidity data was determined using spatial 

autocorrelation (Moran’s I). In conclusion the early seeding of the 

epidemic was due to transfer from one camp to another. The next phase 
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was a localized spatial contagion at the peak of the epidemic whereas 

the fadeout occurred hierarchically as the camps were demobilized. 

 

Cost models are often used in spatial modeling. One example is the 

study by Krist and Brown (1994) on Paleo-Indian Caribou Migrations 

and Viewsheds in the North-eastern Lower Michigan. Elevation data 

over areas surrounding locations for Paleo-Indian archeological 

findings was used to model caribou pathways. To determine which 

locations were more likely to have been settlements ideal for caribou 

hunting viewshed analysis was used. The authors suggest GIScience 

model development as an alternative to further excavation, to avoid 

destruction of archaeological sites. 

 

Hinman et al. (2006) use cluster analysis in their study on spatial and 

temporal structure of typhoid outbreaks in Washington D.C., 1906-

1909. The authors demonstrate that, even though no autocorrelation 

(using Ripley’s K-function) for individual years could be found, Getis 

and Ord statistics could show local temporal clusters not apparent in the 

global patterns, contradictory to the former general conclusion 

regarding these typhoid cases being evenly distributed. 

 

Berrang-Ford et al. (2006), having access to individual data over 33 

years, conducted a space-time cluster detection analysis and developed 

a velocity vector map to visualize spread of sleeping sickness over time 

in southeastern Uganda. 

 

Smallman-Raynor and Cliff (2013) used a swash-backwash model to 

describe the spatial propagation of polio virus in the 1947 epidemic in 

England and Wales. 

 

Spatial modeling of epidemic diseases is increasingly being used to 

assess health risks associated with environmental hazards. Risk patterns 

tend to have both temporal and spatial components, meaning that 

modeling and analysis must combine methods from epidemiology, 

statistics and GIScience (Beale et al. 2008). 

 

Some of the basic requirements on spatial analysis in epidemiology are 

discussed by Jacquez (2000), who stresses the need for 
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 better understanding of how disease processes and spread 

patterns are related  

 development of  process-based disease models 

 space-time information systems for epidemiology 

 statistical models for spatial and spatio-temporal epidemiology 

 

Liao et al. (2013) are proposing an interesting novel ripple-spreading 

network model for the study of infectious disease transmission. The 

basic principle (Hu et al. 2008) can be understood by an analogy; after 

throwing a stone (first infected case in a population) in a pond a ripple 

is generated and when the ripple reaches a near stake (an individual in 

the population), a new ripple is generated which reaches another near 

stake etc. (Figure 2). The model contains many parameters to 

incorporate real factors such as public health service and policies. A 

genetic algorithm is used to tune the parameters of the model by 

referring to historic data of an epidemic.  

 

 

 
 

Figure 2. Mechanism of ripple-spreading (after Liao et al. 2013) 

From an epidemiologic modeling standpoint the population can be in 

one of the different states expressed in table 2. 
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Table 2. States used in epidemic model 

 
Symbol  Epidemic state  Description 

S  Susceptible  Healthy Individuals who could potentially 

develop the disease 

E  Exposed  Individuals who have been infected with the 

disease, but who are still in the latent period 

(with or without symptoms of the disease) and 

who cannot transmit the disease to others 

I   Infective  Individuals who are infected with the disease 

(with or without symptoms of the disease) and 

who are capable of transmitting the infection to 

others 

R  Recovered  Individuals who have recovered from infection 

thereby acquiring immunity (temporary or 

permanent) from infection 

D  Dead  Individuals who have died from infection 

Figure 3 describes how individuals are moved from one state to the 

other depending on the transfer parameters T1, T2, T3, T4 and T5. These 

parameters can be defined and modeled in many different ways 

depending on data access and model sophistication. 

 

 

Figure 3. The epidemic states and how they relate (after Liao et al. 

2013) 

Bian (2012) conducted a thorough review of spatially oriented 

epidemiological models where six types of models are identified;  
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1. population-based wave models 

2. sub-population models 

3. individual-based cellular automata models 

4. mobile sub-population models 

5. individual-based spatially implicit models 

6. individual-based mobile models 

 

First Bian (2012) describes the classical, non-spatial, population-based, 

temporally dynamic, mathematical epidemiological models. Here the 

population is divided into (only) three different segments; susceptible 

(S), infectious (I) and recovered (R). A number of individuals are, at 

any given time, moved from the S segment to the I segment and 

individuals from I are moved into R. Assuming that these changes are 

continuous, a set of differential equations can express the dynamics. 

Classic population models have been used for well over a century, and 

they have been the foundation for modern epidemiology. 

 

A simple form of population-based wave models (1) is a three-ring 

wave model. The first infection case occurs at the center of a space and 

spreads outwards in all directions in a wave-like form. At a given time, 

the second or middle ring is the infectious segment, the outer ring is the 

susceptible segment, and the recovered ring is at the center of the space 

around the starting point. One application for population-based wave 

models is for pandemics where a disease sweeps through a large space, 

such as the 1918–1920 Spanish flu that spread globally (Holmes 1997). 

 

A population may be divided into sub-populations (2) using different 

criteria. Often they are divided into regular grid cells. Diseases pass 

between sub-populations through between-cell interactions and move 

across space, while the cells remain immobile. Individuals are assumed 

to be identical, homogeneously mixed, homogeneously distributed, and 

immobile. This is typical for sheep and cattle on different farms. 

 

In individual-based cellular automata models (3) a cell interacts with a 

finite number of adjacent cells.  

 

Mobile sub-population models (4) use a sub-population as the modeling 

unit. The units are mobile and the transfer of military regiments as 
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described by (Smallman-Raynor and Cliff 2001) is a good example of 

this category.  

 

Individual-based and spatially implicit models (5) are based on unique 

individuals where each individual interacts with a limited number of 

other individuals in a social network. The dynamics of an epidemic 

depend on the structure of social networks. Heterogeneity in individuals 

and in their interactions necessitates a stochastic approach to model 

disease transmission. 

 

Lastly individual-based mobile models (6) account for heterogeneity in 

all four design principles, i.e. in individuals as the modeling unit, the 

interactions between them, the spatial process, and the temporal 

process. Specifically, individuals are unique, interact with only a finite 

number of other individuals, are heterogeneously distributed, and 

mobile. As the location and mobility of individuals are well defined, 

this model type is well suited for estimation of the temporal speed and 

spatial extent of an epidemic.  

 

Graham et al. (2004) summarize the main developments in using spatial 

analysis for epidemiology in a special issue of Acta Tropica. They 

describe a range of techniques commonly used in remote sensing, and 

spatial analysis and which are relevant to epidemiology. Techniques 

discussed are  

 

 disease ecology (biological, physical and anthropogenic links 

between the environment and disease) 

 spatial scale (disease epidemiology often has a spatial 

dimension that may be related to coarse spatial scale variation 

in climate or to fine spatial variation in landscape) 

 spatial statistics (methods for point pattern analysis, for lattice 

data and geostatistics) 

 

Ostfeld et al. (2005) stress the need to include ecological processes in 

spatial epidemiology as they can result in strong spatial risk patterns as, 

e.g., pathogen dispersal might be highly localized. Vectors or reservoirs 

for pathogens might be spatially restricted. The authors suggest an 

integration of landscape ecology with epidemiology.  

Infectious diseases are very much depending on environmental factors 

and major changes in land-use patterns, such as irrigation, 
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deforestation, agriculture and road construction may influence the 

spread of infectious diseases (Patz et al. 2012; Patz and Norris 2004). 

Climate change and urbanization force wildlife to find new habitats 

which in turn shifts the exposure of infectious pathogens and alters the 

distribution of infectious diseases. Monitoring the environmental 

drivers may contribute to foresee outbreaks of epidemiological 

diseases.  

 

A Swedish official investigation, SOU 2007:6 (2007) states that climate 

change may increase the presence of vectors in Sweden, so far of minor 

importance to the spread of their related epidemiological diseases. If, 

e.g., precipitation will significantly increase sewer systems risk being 

flooded, this in turn may lead to pollution of tap-water and improved 

conditions for tic-borne diseases.  

 

Eisen et al. (2007) used logistic regression and modeling based on 

GIScience methods to identify environmental predictors of elevated 

risk for plague and hantavirus pulmonary syndrome (HPS) in 

northeastern Arizona and northwestern New Mexico. Distance to 

piñon-juniper ecotones (possible habitats for rodents infected with 

Yersina pestis) and amount of precipitation were used as predictors for 

plague, whereas elevation and amount of precipitation were used for the 

HPS model. The models used indicated that approximately half of the 

coverage area was classified as suitable risk for either plague or HPS. 

Increased risk for both diseases occurred for approximately 37% of the 

coverage area. 

 

Eisen et al. (2008) describe how county-based data for tularemia 

incidence from 1990 to 2003 for a nine-state region in the south-central 

United States were combined with GIS-based environmental data to 

determine associations between coverage by different habitats 

(especially dry forest representing suitable tick habitat) and tularemia 

incidence. The study shows the potential for research on tularemia 

ecoepidemiology and highlights the need for further modeling efforts. 

 

Plague and tularemia are serious zoonotic diseases endemic to North 

America. Nakazawa et al. (2007) used existing surveillance data over 

48 states in the USA for the years 1965-1999 for plague (393 cases) and 

tularemia (6051 cases) in combination with meteorological data 

(precipitation, mean temperature, maximum temperature, minimum 
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temperature, actual evapotranspiration, potential evapotranspiration, 

moisture surplus, moisture deficit) and topographic data such as 

elevation, slope and aspect to model and predict the spread of the 

diseases based on climate change. The authors found that the observed 

shifts in transmission of these diseases in North America since the 

1960s are consistent with expected patterns of shift given known 

climate changes over that period.  

 

Brownstein et al. (2005) used a climate suitability model of Ixodes 

scapularis, the main vector of Lyme disease in North America, to 

examine the potential effects of global climate change on future Lyme 

disease risk in North America. Climate variables (average monthly 

values for the period 1961-1990) selected for analysis include 

minimum, maximum and mean monthly temperature, and monthly 

vapor pressure. The spatially modeled relationship between I. 

scapularis presence and large-scale environmental data generated the 

current pattern of I. scapularis across North America with an accuracy 

of 89% (p<0.0001). Extrapolation of the model revealed a significant 

expansion of I. scapularis north into Canada with an increase in suitable 

habitat of 213% by the 2080’s. The results are in accordance with the 

study of Lindgren et al. (2000) where the authors conclude that the 

relatively mild climate of the 1990s in Sweden probably is one of the 

primary reasons for the observed increase of density and geographic 

range of Ixodes ricinus ticks. 

 

Zhou et al. (2008) developed a biology-driven model to assess the 

potential impact of rising temperature on the transmission of 

schistosomiasis in China. The authors found temperature thresholds for 

development of Schistosoma japonicum within the intermediate host 

snail (i.e., Oncomelania hupensis), and for the snail itself. Using 

predicted temperature increases in China in 2030 and in 2050 predictive 

risk mapping could be carried out and an expansion of schistosomiasis 

transmission into currently non-endemic areas in the north, of 783,883 

km2 by 2050, translating to 8.1% of the surface area of China was 

forecasted. 

 

Rift Valley fever (RVF) outbreaks have since the early 1950s been 

associated with cyclical patterns of the El Niño, which results in 

elevated and widespread rainfall over the RVF endemic areas of Africa. 

Anyamba et al. (2009) used satellite measurements of global and 
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regional elevated sea surface temperatures, elevated rainfall, and 

satellite derived vegetation index data to predict areas where outbreaks 

of RVF in humans and animals were expected and occurred in the Horn 

of Africa, Sudan, and Southern Africa at different time periods from 

September 2006 to March 2008. Predictions were confirmed by 

entomological field investigations of virus activity and by reported 

cases of RVF in human and livestock populations. 

 

To determine the magnitude and spatial pattern of the highly pathogenic 

avian influenza A subtype H5N1 virus outbreaks over space and time 

in poultry from 2007 to 2009 in Bangladesh, Ahmed et al. (2011) 

applied descriptive and analytical spatial statistics. Temporal 

distribution of the outbreaks revealed three independent waves of 

outbreaks that were clustered during winter and spring. Exploratory 

mapping of the infected flocks revealed that the highest intensity and 

magnitude of the outbreaks was systematic and persistent in an oblique 

line that connects south-east to north-west through the central part of 

the country. Moreover, several important migratory bird areas were 

identified along the line.  

 

Disease mapping is one of the most commonly used applications of 

GIScience in veterinary epidemiology, because it provides an intuitive 

way to represent surveillance data in form of maps that facilitate 

interpretation, synthesis and recognition of frequency and cluster 

phenomena, and decision making (Rinaldi et al. 2006 and Thrusfield, 

2007). In veterinary epidemiology, the advantage of mapping the 

locations of farms and other facilities with animals is obvious. In an 

outbreak of a disease it could make the management of the situation 

easier, and it could also provide a tool to evaluate different strategies to 

prevent the spread of infectious diseases (Nordström 2001). 

 

Pickle and Carr (2010) describe how spatial patterns of disease and 

local characteristics can be examined visually and simultaneously using 

graphics called micromaps. 

 

Lafferty (2009) discusses the ecology of climate change and infectious 

diseases, noting that latitude, altitude, season, and temporal relations 

between climate and disease and many other factors, can affect the 

spread of infectious diseases in a nonlinear fashion. The globe is 

significantly warmer than it was a century ago. There is however little 
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evidence that climate change has already favored infectious diseases. 

Instead of dramatic future increases in the geographic range of 

infectious diseases, recent models predict range shifts in disease 

distributions, with little net increase in area. 

 

Rytkönen (2004) discusses the importance of spatial statistics in 

GIScience and stresses the need for knowledge based models in 

epidemiologic prediction. Citing Sen and Bonita (2000) Rytkönen 

(2004) notes that one quarter of all deaths and 30% of the global burden 

of disease is due to infectious diseases. GIScience can provide tools for 

public health authorities and epidemiologists in monitoring and 

visualizing spread patterns of communicable diseases and in searching 

for infectious agents. 

 

Gagliardi et al. (2006) developed software to simulate spatiotemporal 

Dengue epidemic spread based on a probabilistic cellular computational 

analysis. The epidemic spatial model reproduces the interaction of two 

types of transmission mechanisms. Simulations could be run on 

spatiotemporal Dengue disease spread based on human and mosquito 

populations. Validation was made against the number of confirmed 

cases in a city in southeast Brazil in the years 2001 and 2004. 

Occasionally, good agreement was found. Better parameterization and 

validation with actual epidemiological data is needed for the software 

to be used as a tool for decision-making.  

 

Brouwers et al. (2010) developed micro-simulation techniques to 

explore the efficacy of different vaccine-based policy strategies for 

controlling potential smallpox outbreaks in Sweden. The simulation 

was based on models for 

  

 the population (id number for each individual (anonymized) 

with connections to dwelling and workplace. Individuals may 

move to different locations and meet other people during the 

day)  

 the disease (incubation and symptomatic phases),  

 individual behaviour (defined by a simple set of rules for daily 

routines or special circumstances)  

 places (where contact may occur are regular (based on register 

data) or random (neighbourhood or travel)  
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 transmission (the risk of infection differs for contacts 

depending on where they take place)  

 vaccination policies (such as ring vaccination, targeted 

vaccination and mass vaccination with immunity to 80% of the 

inoculated individuals).  

 

To establish a baseline, 500 runs of the simulation with different 

random seeds were made without any intervention. Each scenario was 

run for 100 days. All vaccination scenarios significantly reduced the 

numbers of infected from base line values. Deciding for a vaccination 

policy one must take into account not only the numbers of infected and 

their mortality but also the costs of vaccine doses and their distribution 

and the high-risk environment for medical care personnel.  

 

Malaria is the most significant vector borne disease of humans. It is the 

direct cause of approximately one million deaths each year, though it is 

both preventable and curable. Spatial and temporal propagation patterns 

of malaria in Peru 1994-2006 were studied by Chowell et al. (2009). 

Wavelet spectral analysis was used to analyze the weekly number of 

malaria cases. Patterns of persistence were expressed as a function of 

community size and assessed spatial heterogeneity. In larger 

communities there was high correlation with malaria persistence in 

jungle regions, but not in mountain and coastal areas. Alegana et al. 

(2013) estimated malaria incidence in Namibia in 2009 using Bayesian 

conditional-autoregressive spatial–temporal models. Spatio-temporal 

monthly maps of incidence were produced to form a basis for 

prediction. 

 

Margonari et al. (2006) integrated demographic, socio-economic and 

environmental data from Belo Horizonte in Brazil to find correlation 

with occurrence of human and canine visceral leishmaniasis and insect 

vectors. In total close to 5000 canine leishmaniasis cases and 64 human 

leishmaniasis cases were georeferenced. Analysis of the data showed 

that 84.2% of the human cases were related to canine cases. At the 

altitudes between 780 and 880 m there was a significant correlation. As 

a result control measures for leishmaniasis in the city of Belo Horizonte 

were suggested, especially for the altitudes between 780 and 880 m.  

 

Gatrell et al. (1996) reviewed methods to model spatial point patterns 

allowing for spatial variation of population density, which is necessary 
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when discussing clustering regarding epidemic spread of diseases. 

Methods to model raised incidence of disease around suspected point 

sources of pollution are also discussed. The methods are illustrated by 

reference to case studies including child cancer incidence, Burkitt’s 

lymphoma, cancer of the larynx and childhood asthma. 

 

The accuracy of geocoding is very much dependent on the quality of 

the address data serving as input to the geocoding process. In spatial 

epidemiology this data may be of poor quality as a substantial 

proportion of physicians only report a mailing address, which is often 

the physician’s home (residential) location, rather than the address for 

the location where health care is provided (McLafferty et al. 2012). 

 

Carpenter (2011) concludes that spatial modeling in epidemiology 

enables a better understanding of diseases or ill-health processes. It is 

also a means to investigate relationships between the environment and 

the presence of disease; to conduct disease cluster analyses; to predict 

disease spread and to evaluate control alternatives. Spatial modeling 

gives an epidemiologist options to view things differently and to avoid 

many errors that otherwise might have been committed.  

 

As can be understood from this literature review on analysis and 

modeling of spatiotemporal spread of epidemic diseases there are many 

interesting research projects in this field carried out over the past 20 

years. Still the use of GIScience in the daily work of epidemiologists is 

very limited. Research is needed to develop sophisticated methods that 

can be easily adopted also by epidemiologists lacking basic GIS 

knowledge. That is one of the major topics of this study.  

 

2.2 Neighborhood accessibility, walkability and 
health 

 

The associations between neighborhood deprivation and health-related 

behaviors and outcomes, independent of individual socioeconomic 

status have been discussed in several studies (Anderson et al., 1997; 

Winkleby and Cubbin, 2003; Diez Roux et al., 2001; Sundquist et al., 

2004, 1999). That here is an association between living in the most 

deprived neighborhoods and a poor health profile (e.g. high body mass 

index, smoking, and physical inactivity) has been shown by Sundquist 
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et al. (1999); Cubbin et al. (2006) and Ohlander et al. (2006). Shortly 

before the study described in Paper V was started, several studies 

examined whether there are significant differences in how goods, 

services, and resources are allocated across different levels of 

neighborhood deprivation. Findings from these studies resulted in the 

theory that there are ‘‘food deserts’’ in deprived neighborhoods 

although the evidence of the existence of such ‘‘food deserts’’ outside 

the US is mixed (Winkler et al., 2006; Macdonald et al., 2009; 

Cummins and Macintyre, 2002; Clarke et al., 2002). More research 

outside the US is needed.  

 

Pearce et al. (2012) states that an enhanced understanding of the links 

between neighborhood-level disadvantage and health may lead to better 

policy-making. Better targeted area-level policies built on clear 

theoretical understanding are more likely to succeed in addressing 

health inequalities. Geographical work on health-related behaviors are 

important in policy-related research.  

 

Especially in the U.S., but also in many other countries travelling in 

vehicles dominates significantly over travelling by foot. In the Seattle 

region more than 85% of all trips were made in private vehicles (Puget 

Sound Regional Council, 1999). Apart from the obvious negative 

effects on the environment, Frank et al. (2004) showed that each hour 

spent in a car per day was associated with a 6% increase in the odds of 

being obese, while each kilometer walked per day was associated with 

a 4.8% reduction in the odds of being obese. Frank et al. (2006), using 

data from King County, Washington, examined whether the following 

three statements regarding land use and health were true or false: 

 

1. If the built environment reduces opportunity for active 

transportation, this may reduce total physical activity, and 

potentially increase risk for chronic disease. 

 

2. If the built environment stimulates increased time spent in 

vehicles, it may reduce physical activity, and both of these 

may contribute to obesity, potentially increasing risk for 

chronic disease. 

 

3. If the built environment stimulates increased vehicular travel, 

this may increase per capita vehicle emissions, and these may 
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increase exposure to pollutants and risk of respiratory and 

cardiovascular ailments. 

 

To define a common standard for built environment the authors created 

a “walkability index” (WI) by summing z-score values ((observation-

mean value)/standard deviation)  for net residential density, intersection 

density, land use mix, and retail floor area ratio (FAR) for each census 

block group, giving street connectivity twice the weight of the other 

three variables. Table 3 summarizes the definition of the index. 

 

It was found that people living in more walkable neighborhoods 

(characterized by mixed use, connected streets, high residential density, 

and pedestrian-oriented retail) did more walking and biking for 

transportation, had lower BMIs, drove less, and produced less air 

pollution than people living in less walkable neighborhoods. 
 

Table 3. Walkability index by Frank et al. 2006 

 
Measure  Definition 

Residential density Residential units divided by acres in 

residential use  

Street connectivity  Intersections per square kilometer 

Land use mix  A/ln(N) (see note)  

Retail floor area ratio (FAR)  Retail building floor area (sq. ft.) 

divided by retail land area (sq. ft.) 

 

Note: Land use mix = A/ln(N) where 

 

A=(b1/a) x ln(b1/a) + (b2/a) x ln(b2/a) + (b3/a) x ln(b3/a) + (b4/a) x 

ln(b4/a) + (b5/a) x ln(b5/a) + (b6/a) x ln(b6/a) 

 

a = total square feet of land for all six land uses present in buffer 

b1= square ft. of building floor area in education uses 

b2= square ft. of building floor area in entertainment uses 

b3= square ft. of building floor area in single-family residential uses 

b4= square ft. of building floor area in multifamily residential uses 
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b5= square ft. of building floor area in retail uses 

b6= square ft. of building floor area in office uses 

N= number of six land uses with FAR> 0 

 

WI = Zresidential density + 2 x Zstreet connectivity + Zland use mix + ZFAR 

 

 

The definition of the walkability index above has been used in many 

studies in the U.S., where it has been possible to acquire data for all the 

elements making up the index. In areas or countries where this is not 

the case the index has to be modified in one way or the other. Mayne et 

al. (2013) suggest the use of abridged indices in such areas.   

 

Owen et al. (2007) state that key elements of neighborhood walkability 

are proximity and connectivity. Proximity is related to mixed land uses 

enabling shorter travels between residences and destinations such as 

stores or work places. Connectivity is the directness and variety of 

routes to destinations, often as a result of grid patterns of 

interconnecting streets. The numerical values of these elements can be 

assessed objectively using GIS, even though the way they are combined 

is subjective. 

 

Walk Score® (www.walkscore.com) is a publicly available large-scale 

method for calculating walkability. Publicly available data is used to 

assign a score to a location based on the distance to and variety of 

nearby commercial and public frequently-visited facilities. Facilities 

are divided into five categories and an algorithm calculates the 

distances to the nearest facility of each category and a resulting score 

(0-100) is presented. Duncan et al. (2011) compared the results from 

Walk Score with GIS indicators of neighborhood walkability with 

addresses from four US metropolitan areas with several street network 

buffer distances. Good correlation was found for many of the indicators 

tested. 

 

GIScience in general and spatial analysis in particular incorporate 

unmatched techniques to compare and analyze outcomes that are related 

to place. There is, however, always a risk that too much emphasis is put 

on certain elements, neglecting variations in accuracy of position as 

well as content. The use of z-scores is a good way to compare different 

data sources but that does not eliminate the accuracy problem. Cities 
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are seldom developed to promote a healthy lifestyle. A more frequent 

use of the walkability concept may change the way cities are planned 

in the future, even though socio-economic determinants probably play 

a more important role to physical activity and healthier lifestyles.  

Neither urban planning nor public health research has a long history of 

examining the built environment’s effect on walking and physical 

activity. However research on the topic is quickly growing in quantity 

and scope with new research findings continually emerging. Most of 

the research was carried out in the US (Tomalty et al. 2009). More 

European empirical research is needed to corroborate the US findings. 

Paper VI is a contribution to meeting this need. 
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3 Study areas and data description 
 

All papers included in this thesis are based on Swedish data. Paper VI 

studies the city of Stockholm only, whereas all of Sweden is the study 

area for the other five papers.  

 

Paper I is based on 

 

 Case data from the Russian Influenza 1889-1890 in Sweden, 

compiled in tables (figure 4, left) 

 Railroad map, in TIFF, from 1889 supplied by the Railway 

Museum in Gävle, Sweden (figure 4, right) 

 Assessment of Swedish parish borders and population based 

on a project (Nationell Arkivdatabas) at the National Archives 

of Sweden (Riksarkivet 2012), supplied in TAB format 

 Modern railroad data from Teleatlas in Shape format 

 Geographic data on Swedish water bodies (SMHI 2012) 

 

In 1890, soon after the outbreak of the Russian Influenza in Sweden, all 

Swedish physicians were asked to provide information about the start 

and the peak of the epidemic, and the total number of cases in their 

region and to fill in a questionnaire on the number, sex and age of 

infected persons in the households they visited. Information on the 

epidemic was received from 398 physicians reporting case data for 

more than 32,600 persons.  
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Figure 4. Linroth’s case data and railroad map from 1889 

 

Paper II is based on 

 

 The same parish data as in Paper I 

 Water bodies as in Paper I 

 Historical studies, e.g. Andersson-Palm (2001), Myrdal 

(2003), Harrison (2000) 

 Bengans historiesidor http://wadbring.com/historia/ (figure 5) 

 Studies on the spread process for bubonic plague 

 

 

Figure 5. Medieval road network 

http://wadbring.com/historia/
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Paper III is based on  

 

 Case data from the Russian Influenza in Sweden 1889-1890 

extracted from Paper I 

 Case data from the Asian Influenza 1957-1958, stored in the 

national archives (Riksarkivet 2013), (figure 6, left) 

 Weather data from SMHI (2013) 1957-1958 (figure 6, right) 

 Case data from the A(H1N1)pdm09 registered in SmiNet 

(2013) 

 Borders of Swedish municipalities in Shape format 

 Population data from Demografiska databasen (2013) 

 

 

Figure 6. Case data and climate data 

 

Paper IV is based on 

 

 Veterinary reports from the National Veterinary Institute, SVA 

(2013). SVA strives for good animal and human health and 

sustainable food production. The Swedish salmonella control 

program covers the entire production chain, from feed to food. 

All salmonella serotypes are notifiable. Only a few cases of 

salmonella in food-producing animals are reported every year. 

In some situations, the cases would be expected to cluster 

geographically. The aim of the study in Paper IV was to 
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illustrate the geographic distribution of the salmonella cases 

detected in pigs, cattle and sheep. The article is based on case 

data from all Swedish herds with pigs, cattle and sheep found 

to be infected with salmonella during the time period from 

1993 to 2010.  The case data (close to 500 observations), 

obtained from the Swedish Board of Agriculture, e.g. serotype, 

species, date of detection etc. also included 5-digit postal 

codes for the addresses of the farms. 

 Borders of Swedish postal code areas in Shape format 

 

Paper V is based on 

 

 Geocoded business data from Teleadress (2009) 

 Small area market statistics (SAMS 2013) used as proxies for 

neighborhoods. SAMS cover all Sweden and are small 

geographic units that are used for administrative purposes. 

These units were provided to us by Statistics Sweden (SCB 

2013) in Shape format. Each SAMS has an average of about 

1000 residents. 

 Borders for localities or urban areas represented by any 

village, town, or city with a minimum of 200 residents where 

the houses are no more than 200 m apart. In 2005, 1940 

Swedish localities were recorded (such registrations are made 

every 5th year). The data was supplied in Shape format from 

Statistics Sweden. 

 

Paper VI is based on 

 

 Basic areas from Stockholm city. For administrative purposes 

Stockholm is divided in 408 small administrative units or 

neighborhoods (approximately 2000 individuals each, with 

homogeneous types of buildings). These areas, Base Areas 

(BA), do not coincide with the above mentioned SAMS but are 

kept up to date regarding the information needed for our study. 

Numbers of residential units per BA were delivered by 

Statistics Sweden.  

 BA boundaries, street data and bicycle path data in Shape 

format from Stockholm city planning office 

 Buildings in Stockholm from Stockholm city planning office 
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 Road network in Shape format from Stockholm city planning 

office 

 Bicycle and walking paths in Shape format from Stockholm 

city planning office  

 Socioeconomic data and information on dwellings and 

residential units from Statistics Sweden. 

 Geocoded information delivered in Shape format by 

Teleadress (2009) on  

o Retail/service 

o Entertainment/physical activity 

o Institutional/healthcare  

o Office/workplace  

 Test persons selected by the Stockholm city planning office 

supplying 

o Data from accelerometers etc. 

o Answers to questionnaires 
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4 Methodology 
The methods used in this work include data preparation, geocoding, 

spatial analysis, spatial modeling, network analysis and visualization 

(static and dynamic). A flow chart showing how the methods are 

interrelated is shown in figure 7. 

 

 
 

 

Figure 7. Methodology flow chart 
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4.1 Data preparation 

As in all projects using geographic data it is of vital importance to clean 

and structure the data in such a way that it becomes usable for analysis 

in GIS software. This is often a tedious and time consuming process 

which could be made much simpler, had more importance been given 

to this in the initial data collection.  

 

In Paper I the case data on the Russian Influenza in Sweden was 

converted into Excel tables and checked for inconsistencies, such as 

misspellings and place names no longer in use, to allow for spatial 

analysis. The parish boundaries were spatially joined to the water 

bodies to extract the land area only of the parishes. The image of the 

railroad network in 1890 was matched to the Teleatlas railroad network. 

 

The purpose of Paper II is to spatially model the spread of the Black 

Death in Sweden in 1350. Geographic data of Swedish water bodies, an 

assessment of the Swedish medieval road network, historical data on 

the population in Swedish parishes, including their medieval 

boundaries, along with historical notes and disease characteristics were 

used to build alternative models for spatial propagation. The assessment 

of parish borders and population is based on a multitude of documented 

sources that vary from county to county. Examples of sources are tax 

registers and ecclesiastical data such as parish registration. The parishes 

of some larger towns have been merged into one unit per town, named 

after the town. The map of the road network, found as an image on a 

web site, was geo-referenced and vectorized by screen digitization. The 

digitized data was cleaned from topological errors followed by network 

building. Then all parish centroids located less than 5 km away from a 

road in the road network were placed on the network. There were 746 

such points that were moved to the network 

 

Paper III is based on reported Swedish case data from the Russian 

Influenza 1889-1890 (Paper I), the Asian Influenza 1957-1958 and the 

A(H1N1)pdm09 (the “Swine Flu”). The numbers of cases with some 

sort of address information for our study were as are listed in table 4. 

The cases reported for the first two pandemics refer to ILI symptoms as 

clinically observed by physicians whereas the cases for the 

A(H1N1)pdm09 refer to laboratory verified cases. 
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Table 4. Number of pandemic influenza cases 

 

 

From the scanned weekly reports of Asian Influenza cases place name 

for the practices for the district physicians and date and number of 

infected cases were entered in a spread sheet. All laboratory verified 

cases of A(H1N1)2009pdm2009-2010 were registered in SmiNet 

(SmiNet 2013). Daily observations on temperature and precipitation 

from 39 weather stations were acquired from the Swedish 

Meteorological and Hydrological Institute (SMHI) for the years 1957-

1958.  

 

The datasets from the three pandemics were initially all geocoded in 

different ways. To facilitate a comparison between the three it was 

decided to use the current Swedish municipality subdivision for the 

geocoding. The geocoding of the place names for the case data from the 

Russian Influenza is described in Paper I. Using a feature class for 

municipalities the cases could then be geocoded to the municipality 

polygons and then to the centroids of these polygons. 

 

The weekly reports from the Asian Influenza were attributed with 

coordinates (Swedish National Grid) for the place names. This 

geocoding was made using the “Find Coordinates” function in the 

Swedish place and number finder service, hitta.se (2009). All in all 

there are 5538 such reports on number of diagnosed cases per location. 

For the comparative analysis these records were subsequently geocoded 

to the centroids of the municipality polygons. The weather stations 

reporting temperature and precipitation in 1957-1958 were geocoded in 

the same manner. 

 

The case data for A(H1N1)2009pdm2009-2010 in SmiNet includes full 

address and national registration numbers. For integrity reasons we 

Pandemic No of cases Mean  

cases/week 

Std dev 

cases/week 

Russian Influenza 32,642 4,663 20.7 

Asian Influenza 276,537 17,284 297 

A(H1N1)pdm09 10,077 492 6.1 
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extracted information on postal code level only. Geocoding was 

performed in ArcGIS, connecting the case data with the centroids of the 

postal code areas and to their respective municipalities. 

 

The case data in Paper IV on all Swedish herds of pigs, cattle and sheep 

found to be infected with salmonella during the time period from 1993 

to 2010 was completed with postal codes (where missing) using the 

place finder service hitta.se (2009). For integrity reasons we could not 

use the exact addresses of the farms with salmonella cases. Instead, all 

cases were geocoded to their respective postal code areas. The case data 

was spatially joined to the centroids of the postal code areas.  

 

In Paper V ArcGIS was used to overlay the SAMS boundaries with the 

locality boundaries. A final number of 6986 SAMS were included in 

the study. 

 

4.2 Spatial Analysis  

 

Tobler’s (1970) first law of geography: “Everything is related to 

everything else, but near things are more related than distant things” is 

very important in GIScience. The common task for GIS specialists is to 

make those relations obvious, find answers to the questions when? 

where? and why? and use this information to optimize services and 

actions. In a health related context this often means 

 

 Where and when did it happen? 

 What in the neighborhood could have caused it? 

 What about climate factors? 

 Who were affected or risk to be affected? 

 How do we organize the logistics (beds, ambulances, rescue 

force, physicians and nurses) in an optimal way?  
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4.2.1 Spatial analysis for epidemiology 

 

The purpose of Paper I was to describe how the whole of the Swedish 

population was affected by the Russian Influenza. There were 32,642 

observations, but they were all from only 69 different locations. The 69 

place names with reported influenza cases were spatially joined to a 

geographic data layer including towns and smaller locations from 

TeleAtlas using ArcGIS 9.2. To assess how the influenza was spread to 

all 2,200 parishes in Sweden, Thiessen, or Voronoi (Wikipedia 2013b) 

polygons were created around each of the 69 studied locations. 

Euclidian distance was used for the proximity calculation. In 

combination with the parish geodatabase, the parishes with centroids 

within a particular polygon could be selected to form “Thiessen areas” 

(Figure 8). Time layers for each of the 15 weeks studied could then be 

calculated with number of cases per area. 

 

 

Figure 8. Thiessen area selection. Thiessen polygons surrounding each 

of the locations where cases had been reported by local physicians. The 

small polygons represent parishes. 
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In Paper III we used the Asian Influenza case data to investigate 

whether temperature and/or precipitation (figures on humidity were not 

available) influenced the dissemination of the disease. Mean 

temperature and accumulated precipitation for the 39 weather stations 

were calculated for each week the Asian Influenza lasted in Sweden. 

Using spatial statistics, weekly weather data for all locations with 

diagnosed cases of influenza could be calculated by inverse distance 

interpolation. The two maps (Figure 9 and 10) show the weather 

situation for week 44 in 1957. Locations with influenza cases are 

marked with black dots. 

 

The 39 weather stations were fairly evenly distributed over the map area 

(Sweden) and the temperature and precipitation values did not differ 

much. When presenting   numbers of infected per municipality the 

opposite applies. One way to present an overview of where an influenza 

is more active than in other places is to use Kernel Density (ArcGIS 

Resource Center 2013) interpolation as described by Silverman (1986). 

The density at each output raster cell is calculated by adding the values 

of all the kernel surfaces where they overlay the raster cell center. This 

means that many low, but close, point values jointly may have the same 

impact as one single high value. The technique was used on the case 

data from the Russian Influenza in Paper III. 
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Figure 9. Interpolated temperature for week 44 in 1957 
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Figure 10. Interpolated precipitation for week 44 in 1957 

 

The datasets from the three pandemics in Paper III were initially all 

geocoded in different ways. To facilitate a comparison between the 

three it was decided to use the current Swedish municipality subdivision 
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for the geocoding. The geocoding of the place names for the case data 

from the Russian Influenza is described in Paper I. Using a feature class 

for municipalities the cases could then be geocoded to the municipality 

polygons and then to the centroids of these polygons. 

 

The case data for A(H1N1)pdm09 in SmiNet includes full address and 

national registration numbers. For integrity reasons we extracted 

information on postal code level only. Geocoding was then 

accomplished in ArcGIS, connecting the case data with the centroids of 

the postal code areas and also to their respective municipalities. 

 

Maps and animations (available as supplementary information to Paper 

III) were created displaying the geographical spread of the three 

pandemics, week by week in total numbers as well as incidence per 

municipality (cumulative number of cases per week divided by number 

of inhabitants).  Coordinates for the geographically weighted mean 

(GWM) for weekly incidence per municipality were calculated using 

the formulae below 

 

 

here wi  is set as the incidence at municipality i 

4.2.2 Spatial analysis for neighborhood studies 

In Paper V a neighborhood deprivation index was constructed based on 

four deprivation indicators. The index was categorized into three 

groups, where higher scores reflect more deprived neighborhoods and 

lower scores more affluent neighborhoods. The nationwide geocoded 

business contact information from November 2005 was matched with 

the 2005 neighborhood deprivation index. The 83,776 geocoded 

business contacts were classified into 12 main categories and were used 

as outcome variables to examine accessibility to various goods, 

services, and resources by level of neighborhood deprivation. They 
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were expressed as absolute counts of goods, services, and resources per 

SAMS neighborhood, after adjustments for population density.  
 

In Paper VI the spatial analysis task was to calculate walkability indices 

(Frank et al. 2009, Rattan et al 2012,) for each neighborhood and to 

select 32 test areas representing high or low walkability. The definition 

of the walkability index by Frank et al. (2009) contains elements (floor 

area) that were not available for Stockholm. Therefore it was decided 

to adjust the definition slightly and to define the walkability index based 

on the z-scores for the three components shown below 

 

WI = Zresidential density + 1,5x Zstreet connectivity + Zland use mix 

 

where 

 

 residential density = number of residential units per 

residential km2 

 street connectivity = number of intersections per square 

kilometer 

 land use mix = the degree to which a diversity of land use 

types occurs in a certain geographic area 

 

The calculations of the evenness in the land use mix were based on 

geocoded point data. Each building was represented by a point, 

facilitating the residential density calculation. Buildings smaller than 

30 m2 were excluded from the calculation. Using topological rules in 

ArcGIS and manual editing, the street and bicycle path data sets could 

be brought together and used for the calculations. A geometric network 

was created using ArcGIS Network Analyst. The street connectivity 

was calculated as the number of “true” intersections (three or more 

“legs”) per square kilometer. Two or more intersections closer to each 

other than 10 m were counted as one, using circular buffers with 10 

meter radius around all the crossings. If one buffer intersected another 

buffer then the centroid of the merged area should be regarded as the 

new intersection point (Figure 11 and 12). This way the number of 

intersections was reduced by 17 %.  
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Figure 11. Steet crossings before buffering 

 

Figure 12. Street crossings after buffering 

 

Land use mix, or the entropy score, was calculated as the evenness of 

the distribution of the five categories below included in the land use 
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mix and indicates the degree to which a diversity of land use types 

occurs in a certain geographic area. The calculations of the evenness in 

the land use mix were based on geocoded point data. We created five 

categories for the calculation of land use mix: 

  

 Retail/service 

 Entertainment/physical activity 

 Institutional/health care 

 Office/workplace 

 Dwellings 

 

The Herfindahl-Hirschman Index (HHI) was used to assess the level 

of land use mix. The higher the value of the index, the lower the level 

of land use mix (Forsyth et al. 2007 and Song and Rodriguez 2005). 

 

𝐻𝐻𝐼(𝑚) = 𝑆𝑢𝑚[(𝑋 𝑗 ∗ 100)2] 𝑓𝑜𝑟 𝑗 = 1 𝑡𝑜 𝑁 
 

Xj is the percentage of occurrence of each category in the neighborhood 

and N is the number of categories (here N=5). We define our index as 

1-HHI giving the highest scores for the most “even” areas. The 

variables in the Land use mix are presented in the map in figure 13. 

 

 

Figure 13. Categories in land use mix 
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Next, the Walkability Index could be calculated for all the 408 

neighborhoods according to the equation on page 49. The index values 

were classified into deciles as shown in figure 14. Administrative areas 

within the first, second, third, and fourth deciles were considered less 

walkable areas and those within the seventh, eighth, ninth, and tenth 

deciles were considered highly walkable areas. Neighborhood income, 

delivered by Statistics Sweden, was included (and classified into 

deciles) in the selection process in order to account for possible 

differences in physical activity that could be explained by the 

socioeconomic structure of the neighborhoods.  

 

 

Figure 14. Walkability classified in deciles 

 

Eventually the walkability and income data could be used to create a 

geodatabase with 8 study neighborhoods in each of the categories  

 

 high walkability/high income (HW/HI) 

 high walkability/low income  (HW/LI) 

 low walkability/high income  (LW/HI) 

 low walkability/low income   (LW/LI) 

 

These 32 neighborhoods with at least 500 households each are 

presented in the map in figure 15. From these areas 2269 adults were 
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randomly chosen (75 per neighborhood) to examine the associations 

between neighborhood walkability and walking for active 

transportation or leisure, and moderate-to-vigorous physical activity 

(MVPA).  

 

 

Figure 15. Test areas for selection of individuals 

 

4.3 Spatial modeling  

 

In Paper II three different models on spatiotemporal dissemination of 

the Black Death in Sweden in 1350 are discussed. Some assumptions, 

common to all three models were made; the Black Death was an 

infectious disease (bubonic plague) caused by the Yersina pestis 

bacterium, residing in Black rats (Rattus Rattus) and transmitted to 

humans via rat fleas (Xenopsylla cheopis). Further it is assumed that 

the disease first entered Sweden on June 1, 1350 at a port on the 

Swedish West coast (St:Peder/Lödöse) as infected black rats were 

landed along with food transported from an already infected port from 

some neighboring country. Learning from different historical 

observations we also assumed that the pestilence was propagated to 
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neighboring parishes with an average speed of 5 km/day. Another 

assumption is that the local propagation of the disease followed the 

pattern as outlined in table 5. 

 

Table 5. Pattern for local development of the Black Death 

 

 

In the first model, the radial model, we have created concentric buffers 

with 5 km equidistance from the four ports to indicate when a parish 

was reached by the plague. The starting dates for the buffer operation 

have been the above entry dates to the ports. For simplicity we assume 

that the population of each parish was concentrated to the geometric 

center of the parish. These center points (centroids) are also used to 

determine if a parish is within a specific buffer. The map in figure 16 

displays the medieval parish limits, parish centroids, rivers and lakes 

from an area West of Stockholm. Locations for present parish churches 

have also been added. Many of these churches date from the medieval 

ages and are likely to have been close to the medieval parish centers. 

  

Step Time Process 

1 0 First infected rat (carrying infected fleas) at new 

location 

 

2 After 4 weeks Local rat population seriously infected as infected fleas 

jump to new hosts.  Infected rats (hiding in goods 

transported in carts or boats) carry the disease to nearby 

parishes. 

  

3 After 5 weeks Local rats start dying in large quantities 

 

4 After 6 weeks Fleas abandon dead rats, jump to humans who get 

infected 

 

5 After 7 weeks Humans start dying 

 

7 After 9 weeks Local population dead or immune 
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Figure 16. Parishes, centroids, churches and water bodies 

 

 

The second model is a cost model, based on population density and 

water surfaces. Here we assumed that the velocity of propagation of the 

plague, from one parish to a nearby parish, was proportional to the 

population density. The cost, or impedance, was set to be proportional 

to the inverse of the population density. Knowing that transport of 

people and goods was mainly carried out over water, we also used a 

vector data set with all water bodies in and around Sweden. This data 
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was also converted to raster format. The two raster data sets were 

combined into one and then the “cost of dissemination” could be 

calculated for each raster pixel with reference to a given starting point 

or cell. 

 

In the third model spread along the medieval road network was 

combined with radial spread based on population density. Next, a cost 

matrix was calculated, giving the distances (along the network) from 

the starting points in Sankt Peder and the other ports to all parish centers 

along the road network. The number of days (𝑇𝑖) after the first rats 

entered the parish of Sankt Peder, until new infected rats entered parish 

(i) could be calculated as described in Paper II. 

 

To find all the Ti a time matrix was established, where all the distances 

SNj from the cost matrix calculation were used. The minima of the 

travel times from the entry ports to all parishes along the network were 

calculated. In this way the entry port for and distance to each parish PNj 

was defined. With the distances and the mean transportation speed (5 

kms per day) given, the time, in number of days, until a parish PNj along 

the road network was entered by infected rats, could be calculated. Then 

we calculated the radial spread in meters for each day from each parish 

PNj along the network. 

 

Rj = Int (Aj-Bj+0,5)*1000*Cj  

 

where 

 
Rj  = Radial spread of the disease in meters from PNj 

Aj  = Number of days after the first infected RRs entered the parish of Sankt Peder 

until the Black Death reached PNj 

Bj  =  Number of days it took to reach PNj from the closest port 

Cj  =  Factor determining the radial dissemination speed from PNj. The factor is 

ranging from 0,2 to 2,0 depending on the number of inhabitants at PNj 

 

The results of all the above calculations were documented in a spread 

sheet that was spatially joined to the parish centroids in ArcGIS. For 

each day of the propagation period in 1350 the following calculations 

were made: 

 

1. Select all radial distances  > 0 for this particular day 
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2. Export the selection layer to a shape file and add it to the map 

document 

3. Create a dissolved buffers layer for all selected radial distances 

4. Intersect the buffers with a hydrographical map of Sweden 

 

The buffers created in this fashion depict the spread day by day and 

have been displayed in many different ways. The mortality parish by 

parish was modeled as a function of latitude and population density. 

 

4.4 Visualization 

During the past 5 years there has been a significant development in 

techniques for communication of spatiotemporal data. Paper I was 

published in a journal primarily read by epidemiologists and even 

though animations (now at http://larsskog.wordpress.com/) were 

created, the readers of the journal had to rely on a figure with a map 

series (Figure 17)  

 

 

Figure 17. Estimated numbers of cases per Thiessen area 

and a map with bar charts (Figure 18) to experience the spatiotemporal 

progress of the outbreak of the Russian Influenza in Sweden. The map 

shows the intensity of the Russian Influenza, week by week. One colour 

represents one week. Green hues are for the first weeks and red hues for 

http://larsskog.wordpress.com/
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the last weeks. The largest segments represent the local peaks in 

intensity. 

 

 

Figure 18. Map with bar charts representing the spread of the Russian 

Influenza 

Russian 

Influenza 

1889-1890 
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The results of the calculations in Paper II could be presented in many 

different ways.  In the supplementing information there are animations 

to show the spatiotemporal spread of the Black Death in Sweden 

according to the three models developed. Figure 19 shows the results in 

a single map of the propagation over the whole period for the combined 

model. 

 

 

Figure 19. Combined model 
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Maps and animations (available as supplementary information to Paper 

III) were created displaying the geographical spread of the three 

pandemics, week by week in total numbers as well as incidence per 

municipality (cumulative number of cases per week divided by number 

of inhabitants). Figure 20 demonstrates a Kernel Density estimation 

(from known observations with 30 kms search radius) of what the 

spread of the Russian Influenza in Sweden looked like the week before 

Christmas in 1889.  

 

Figure 20. Kernel Density presentation of Russian Influenza status. 

Higher incidence is represented by darker colours. 
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In Paper IV maps like the one in figure 21 were produced of infected 

herds, stratified on animal species as well as salmonella serotype. Based 

on ocular inspection of all maps, some were collapsed and some used 

separately. Data were also examined for temporal trends. Animations 

are available at www.larsskog.wordpress.com  

 

 

Figure 21. Salmonella infected pig herds in Sweden 1993-2010 

 

 

In Paper V and VI GIScience methods are mainly used as tools to test 

certain hypotheses. The results are presented in tables rather than in 

maps. 

 

 

http://www.larsskog.wordpress.com/
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5 Results & Discussion 
In this chapter the main results of papers I-VI are summarized and the 

contributions of each study are discussed.  

5.1 Results and discussion of epidemiologic 
study 

The main result of Paper I is the calculated estimation and visualization 

of how the Russian Influenza propagated in Sweden in time and space. 

The methods described and the basic data from 1890 collected by Dr. 

Linroth and his colleagues (Linroth 1890) has been made available to 

epidemiologists all over the world for further interpretation and 

analysis, one example of which is the article on possible epidemic 

sources by Buscema et al. (2013). 

 

The results of Paper II are the models described in chapter 3.3 and the 

visualizations described in chapter 3.4. The spatial modeling enabled us 

to describe and visualize epidemiologic processes in space and time. 

Which one of the models on the Black Death propagation in Sweden 

that gives the best description of the process is hard to tell as they are 

all based on assumptions and a limited number of facts. A comparison 

for one day of the three models is made in figure 22. The radial model 

shows the modeled result for August 22, 1350, whereas the cost and the 

combined model refers to August 25, 1350   

 

 

Figure 22. Three models for the spread of the Black Death 
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There is no detailed evidence saying exactly when in 1350 the Black 

Death reached any particular place in Sweden. However we have found 

some statements describing how the Black Death affected different 

locations. These statements and their locations can be found in a web 

map service available in the supplementing information to Paper II. 

 

In Paper III we looked for common spatiotemporal characteristics of 

pandemic influenza based on case data from three past pandemics that 

affected Sweden. Much has changed in the society over the 120 years 

from the time of the Russian Influenza (1889-1890) to the recent 

A(H1N1)pdm09. Even though the infrastructure and the social contact 

patterns are totally different the characteristics in the spread of 

pandemic influenza seem to vary less. Common for all three pandemics 

is a peaking period of approximately 10 weeks (Figure 23) and that the 

GWM (geographically weighted mean) follows a path from southeast 

to northwest, even though the A(H1N1)pdm09 follows the same path 

in the opposite direction as shown in figure 24. 

 

 

Figure 23. Weekly number of cases centered on the peaks 
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The meteorological data we were able to collect for the period 1957-

1958 facilitated an analysis of the impact of climate factors on the 

propagation of the Asian Influenza in Sweden. Comparing the z-

scores for temperature with the z-scores for the number of influenza 

cases in 1957 it was obvious (figure 25) that peaking periods were 

preceded by falling temperature.  

 

 

Figure 27. Z-scores for temperature and number of cases 

The findings in Paper III on temperature fall preceding local outbreaks 

are very much in line with recent findings by Atchison et al. (2009) and 

Tamerius et al. (2013) who studied global variations in climate and 
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onset of influenza outbreaks. Their analysis stresses the covariance 

between specific humidity (the ratio of the mass of water vapor in air to 

the total mass of the mixture of air and water vapor) and temperature at 

high latitudes. Temperature or specific humidity drops below their 

respective thresholds result in an increased influenza activity. Previous 

studies have indicated that specific humidity may be a stronger 

predictor of virus survival and transmission than temperature (Shaman 

et al. 2010). 
 

Chunara et al. (2012) discuss how new technologies for reporting real-

time emergent infections have led to a new paradigm in disease 

surveillance. Advances in computation and communications can 

provide exact positioning and increase speed and automation of 

collection, to make the data more accessible to healthcare professionals 

as well as to the public. Many internet-based reporting tools allow 

information to flow directly between parties, thereby bypassing the 

traditional hierarchical structure of public health systems. The time for 

reporting and control measures can consequently be reduced. 

HealthMap (Freifeld et al. 2008) is such a system, bringing together 

different data sources. The system includes online news feeds, 

eyewitness reports, blogs and validated official reports to achieve a 

common view of the current global state of infectious diseases. Using 

mobile phones disease information can be reported and used for 

intervention in real time. One example is the trial in Botswana where 

over 1000 malaria notifications were reported with GPS coordinates. 

The data transmission time reduced from 3–4 weeks to just minutes. 

When plotted on a map, the observations suggested over 80 potential 

outbreak sites (Integrated Regional Information Networks, 2011). 

Smart portable biological sensors of e.g. oral fluids can also be used for 

onsite health tests.  According to Gartner (2013) the convergence of 

four powerful forces: social, mobile, cloud and information continues 

to drive change in the coming years and top strategic technology trends 

for 2014 include mobile device diversity, the Internet of Things and 

mobile apps. 

 

The main result of Paper IV is the visualizations of the total numbers of 

infected herds identified during 1993-2010 in different animal species. 

No geographical clustering was observed for ovine or porcine cases. 

Cattle herds infected with Salmonella Dublin were mainly located in 

the southeast region and cattle herds infected with Salmonella 
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Typhimurium in the most southern part of the country. Analyses of data 

on salmonella infected herds revealed some spatial and temporal 

patterns for salmonella in cattle, but available data was not sufficient 

for further analyses. The most common serotypes identified in different 

animal species are shown in table 6. The salmonella cases in pigs 

seemed to be geographically associated with the density of pigs.  

 

Table 6. Salmonella serotypes 

 

Animal 

species 

Most common 

serotype 

2nd most 

common 

serotype 

Other serotypes isolated 

 

Cattle S Dublin (124) S Typhimurium 

(45) 

Agona, Diarizonae, Dusseldorf, 

Enteritidis, Jangvani, Livingstone, 

Montevideo, Mbandaka, Oritamerin, 

Reading, Sandiego, Stanleyville, 

Tennessee, Teshie  

 

Pigs S 

Typhimurium 

(31) 

S Infantis (6) S 

Derby (5) 

Yoruba, Putten, Newport, Mbandaka, 

Muenster, Java, Cubana*; Arizonae, 

Anatum, Agona 

 

Sheep S Diarizonae 

(10) 

S Typhimurium 

(2) 

Reading 

 

The most common salmonella serotypes isolated from different animals species in 

Sweden 1993-2010.  

*Except for the large outbreak in 2003, S Cubana was only isolated in one pig herd 

in 1997  
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5.2 Results and discussion of neighborhood 
study 

 

The main findings from the work in Paper V were that high- and 

moderate-deprivation neighborhoods had a significantly higher 

prevalence of all types of goods, services, and resources than low-

deprivation neighborhoods. These results do not support previous 

research that hypothesizes that poorer health among people in deprived 

neighborhoods is explained by a lack of health-promoting resources, 

although a higher presence of health-damaging resources may play a 

role. The potential significance of our study is high because few studies 

have been conducted in a European context or been able to include a 

broad range of goods, services, and resources from an entire country. 

Our findings do not support the hypothesis of “deprivation 

amplification”, suggesting that the consistent differences in health 

between individuals in deprived neighborhoods and those in affluent 

neighborhoods are not explained by poorer accessibility to health-

promoting goods, services, and resources in deprived neighborhoods. 

 

The results in Paper VI for individuals living in highly walkable 

neighborhoods, as compared to those living in less walkable 

neighborhoods, were:  

 

 77% higher odds for walking for active transportation and 28% 

higher for walking for leisure 

 

 50 min more walking for active transportation/week 

 

 3.1 min more MVPA (Moderate to Vigorous Physical 

Activity)/day 

 

Descriptive statistics for all 2269 individuals participating in the survey 

are summarized in table 7. The findings in Paper VI stress that future 

policies concerning the built environment must be based on context-

specific evidence, particularly in the light of the fact that neighborhood 

redevelopments are time-consuming and expensive. 
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Table 7. Descriptive statistics on individuals included in the study 

 

 

 

HW = High Walkability 

LW = Low Walkability 
HI = High Income 

LI = Low Income 

 

It must of course not be forgotten that the results are also depending on 

the way the walkability indices are defined. Frank et al. (2006) defined 

their index as 

 

 

 

ALL                        TYPE OF NEIGHBORHOOD 

          HW                    HW                  LW                 LW 

 
 

 

         HI                       LI                    HI                   LI 

 

 Median Std Median Std Median Std Median Std Median Std 

Moderate-to-vigorous 

physical activity 

(min/day) 

41 23 47 23 39 25 39 23 40 23 

Time in 10-minute 

bouts of moderate-to-

vigorous physical 
activity (min/day) 

14 18 17 18 12 18 14 18 13 19 

Walking for active 
transportation 

(min/week) 

125 275 180 287 150 300 100 254 100 267 

Walking for leisure 
(min/week) 

60 222 90 225 68 248 60 216 60 208 

 

Gender n % n % n % n % n % 

• Male 1014 45 201 42 162 39 378 48 273 47 

• Female 1255 55 278 58 252 61 411 52 314 53 

Age (years) 

• 20–30 251 11 82 17 68 16 42 5 59 10 

• 31–40 461 20 115 24 88 21 139 18 119 20 

• 41–50 645 28 104 22 111 27 242 31 188 32 

• 51–66 912 40 178 37 147 36 366 46 221 38 

Family income 

• Low 766 34 205 43 220 53 152 19 189 32 

• Middle 959 42 179 37 173 42 325 41 282 48 

• High 544 24 95 20 21 5 312 40 116 20 

Marital status 

• Single 590 26 186 39 154 37 106 13 144 25 

• Married/Cohabiting 1679 74 293 61 260 63 683 87 443 75 
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WI = Zresidential density + 2 x Zstreet connectivity + Zland use mix + ZFAR 

 

whereas the walkability index in Paper VI is defined as 

 

WI = Zresidential density + 1,5x Zstreet connectivity + Zland use mix 

 

The definition of residential density and street connectivity in Paper VI 

adheres to the definitions of Frank et al. (2009). To make the 

walkability indices comparable, in the absence of floor area figures, the 

multiplying factor was reduced from 2 to 1.5 in Paper VI. The reason is 

twofold; 

 

1) In Paper VI the path and bicycle network is added to the street 

network 

2) The relative importance of street connectivity in the first 

definition of WI is 40% and, with the reduction, 43% in the 

second. 
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6 Conclusions and future research 

6.1 Conclusions 

The research has demonstrated how spatial analysis and modeling can 

be used in epidemiology and for other health related applications where 

the geographic position is of importance. The contributions to address 

the scientific questions stated in section 1.2 are listed below. 

 

1) Could the spatiotemporal spread of the Russian Influenza in 

Sweden 1889-1890 be visualized using GIScience? 

 

Yes, the spatio-temporal spread of the Russian Influenza in Sweden was 

depicted in tables, in map series, in animated video sequences and in a 

single map document. Using the map as an interface to the 

epidemiological data it is shown how everyone involved in disease 

prevention and crisis management may have easy access to vital 

information, presented in an intuitive way. 

 

2) Could the spatiotemporal spread of the Black Death in Sweden 

1349-1350 be modelled despite total lack of case data? 

 

Yes, although there was no case data available, the spread of the Black 

Death in Sweden could be spatially analysed. Three different models 

were created, based on epidemiological findings, historical reviews, 

estimated population data and other basic geographic data. The models 

were presented as dynamic maps. Other pandemics could very well be 

modeled and visualized with the methods described.  

  

3) Are there any common patterns in the spread of pandemics in 

Sweden? 

 

Looking at the results of the studied pandemics one can conclude that 

 

Each pandemic had a peak lasting for approximately 10 

weeks 

 

The weekly geographically weighted mean (GWM) of the 

incidence of the Russian and the Asian Influenza 

pandemics was mainly moving along a line from 
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southwest to northeast. The weekly GWM for the 

A(H1N1)pdm09 influenza pandemic moved in the 

opposite direction, but along the same line 

 

The peak of the Asian Influenza was preceded by falling 

temperatures 

 

Epidemiologists have been given new information to be 

used in the development of new models for preparedness, 

prediction and analysis 

 

4) Are there any common patterns in the spread of salmonella among 

herds in Sweden? 

 

Analyses of data on salmonella infected herds revealed some spatial and 

temporal patterns for salmonella in cattle. However, despite using 18 

years' of data, the number of infected herds was too small for any useful 

statistical analyses and no patterns could be observed in pigs or sheep. 

 

5) Does accessibility to different goods and services differ by level of 

neighborhood deprivation? 

 

No, it doesn’t as the hypothesis of “deprivation amplification” was not 

supported in the present study. All types of goods, services, and 

resources were more prevalent in moderate and high-deprivation 

neighborhoods than in low-deprivation ones. 

  

6) How can local walkability indices be defined for the city of 

Stockholm? 

 

Using different spatial analysis methods walkability indices over the 

city of Stockholm were created. The findings show a positive (small but 

significant) association between neighborhood walkability and physical 

activity outcomes. 

 

The rapid development in IT in general and GIS in particular now give 

epidemiologists and public health officials excellent opportunities to 

use the methods demonstrated in their daily work. Development of new 

methodology still requires skills in GIScience, but the deployment of 
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new methods can be arranged in such a way that non-experts can 

perform complicated analyses without any prior knowledge of GIS. 

 

The main contribution of this work is that it may give epidemiologists 

and public health specialists new ideas, not only on how to formulate, 

model, analyze and visualize different health related research questions 

but also ideas on how new procedures could be implemented in their 

daily work. Once the data reporting is organized in a suitable manner 

there is a multitude of options on how to present important and critical 

information to officials and policy makers. The epidemiological 

dashboard shown in figure 28 using data from the study in Paper III 

could e.g. easily be implemented and made accessible to anyone or to a 

restricted group, should that be desired. A similar approach is already 

implemented at the Centres for Disease Control and Prevention, CDC 

(2013) in the US with additional data representation and navigation 

between different outputs.  

 

 

Figure 28. Operations Dashboard for the Asian Influenza 

 

Communication of health status has always been highly controversial. 

On one hand, the more detailed information we have the better 
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diagnosis, treatment and follow up. On the other hand, the more detailed 

information we have, the larger the risk that we disclose personal 

information, potentially very harmful to the individual. The legislation 

in most countries so far is very much in favor of personal integrity. One 

consequence of that is that many research projects using spatial 

information have to be based on aggregated data.  

 

The methods used in the research projects in this work have all been 

executed using a desktop GIS, which is an excellent environment for 

evaluation and design of different processes. It is however not a 

platform that can be widely used by non-experts. Luckily the rapid 

development of cloud computing, internet services, smart phones and 

tablets have made it possible to easily convert processes developed on 

the desktop to web services to be reached by any device at any time.  

 

Methods and research regarding spatial modeling will benefit from 

development along many of these trends and it is to be expected that 

self-reporting will increase dramatically over the years to come. The 

big challenge will be to evaluate and control the quality of all the data 

to be collected. 

 

We will never know exactly how a new pandemic is likely to propagate 

but using the historical examples we are much better prepared to test 

and practice for different scenarios. Then we will create knowledge on 

how to prepare for the next pandemic. It is only a matter of time… 

6.2 Future research 

Despite the considerable potential benefits of GIScience, its use in 

health service planning and provision remains greatly underutilized 

(Shaw 2012). This work is yet another proof of the potential for spatial 

analysis and spatial modeling for health applications and there is of 

course a multitude of possible directions for future research. One of the 

most obvious ones is a future study of the impact of local climate 

variations on the spread and outbreak of influenza pandemics or 

epidemics. Better positioned case data and more climatological 

parameters are now available for analysis. The main task for future 

research on GIScience for health applications must however be to 

develop, implement and educate simple self-explanatory methods for 

everyday use at health institutions in our society. The technical 

development discussed in the previous chapter will assist us in 
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developing the methods for everyday use, but we have to be much more 

observant on the real needs out in the field to make it happen. 

 

Another study should be established to determine whether 

climatological factors in any way influenced the spread of the 

A(H1N1)pdm09 in Sweden. 

 

As can be understood from the discussion, the results of the walkability 

calculations are very much depending on the choice and weighting of 

the parameters in the walkability indices. This is a field that should be 

addressed in a future study. 
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