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Abstract

Echinococcosis is an infectious disease transferred through ingestion of food or water which have been
contaminated with eggs of the Echinococcus tapeworm, which are spread by intermediate parasite
hosts. Because the latter are primarily territorial, research related to diagnosis and prevention of
echinococcosis requires investigation of environmental factors, which can be supported with the use of
a Geographical Information System (GIS). In particular, since this type of research is usually
performed by a team of medical researchers working individually with many patients, it can greatly
benefit from the use of a Web-GIS, which provides remote access to data integration, storage and
analysis tools. However, most existing Web-GIS solutions dedicated for disease mapping either exhibit
limited functionality and interactivity (often due to the use of a thin-client approach), or are tied to a
particular technological platform through a thick client based on a browser plugin. Moreover, few of
the existing solutions provide user-friendly tools for data input, and none are directly integrated into the
workflow of clinicians. This paper proposes a novel system architecture for Web-GIS dedicated to
disease mapping, which attempts to optimize the use of client and server hardware resources while
providing the user with a variety of analytic functionalities. The proposed architecture has been
implemented in the form of a system for remote mapping and analysis of echinococcosis cases in
Poland, which has been designed in cooperation with a major Polish hospital centre.
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Introduction

Echinococcosis is an infectious, zoonotic disease which develops after ingestion of food or water
contaminated with eggs of the Echinococcus tapeworm. As such, its spread is largely determined by
environmental factors which facilitate the tapeworm’s growth. In consequence, research related to
diagnosis and prevention of echinococcosis requires investigation of those environmental factors (Lass
et al, 2017). Issues involving the environment have an innate geospatial component, and thus they are
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best analysed with the help of a Geographic Information System (GIS). Geographic Information
Systems provide dedicated tools for creation, integration, editing, storage and visualization of
geographic data (Longley et al., 2005). Over the years they have been successfully applied to
investigation of diverse issues such as monitoring and analysis of marine areas (Dawidowicz &
Kulawiak, 2017), management of education data (Agrawal & Gupta, 2020), digital reconstruction of
real-world objects (Kulawiak & Kulawiak, 2017) and agricultural land use planning (Wojcik-Len et al.,
2018). Moreover, geospatial problems which require cooperation of several researchers are best
investigated with the use of a Web-GIS, which provides remote access to a set of standard GIS
functionalities such as data integration, mapping and analysis. This being said, integration of Web-GIS
to disease mapping is a complex topic, which requires careful consideration of many factors. Research
in this field has been carried out for many years, and employed different solutions and technologies.
Initially, Web-GIS solutions dedicated to disease mapping focused on using thin clients with limited
interactivity, often based on commercial server applications such as ArcIMS and ArcSDE and focused
on data presentation (Blanton et al., 2006). More advanced functionalities, such as map animation,
were provided by thick-client solutions, which usually required the installation of a web browser plugin
such as Adobe Flash. Such systems still used server-side data processing, however it was often
provided with the use of Open Source solutions such as MapServer and PostGIS (Reinhardt et al.,
2008). In time, even thin-client services for mapping and sharing disease information started to allow
for more complex data analysis methods, such as displaying the state of selected variables at different
times on choropleth maps, by utilizing server-side processing through the open Web Map Service
(WMS) protocol’s Styled Layer Descriptor (SLD) component (Gao et al., 2008). This method was later
expanded into a Web Processing Service (WPS) for server-side generation of thematic disease maps
using XML input data (Gao et al., 2009). A few years later, the functionality of Web-GIS for disease
mapping has been further extended by the inclusion of geocoding services, as well as server-side
execution of analysis methods including buffering, centroids and density estimation (Dominkovics et
al., 2011). For this purpose the system used commercial technologies such as PostGIS and ArcGIS
Server in tandem with the Adobe Flex browser plugin, and relied on a geocoding service provided by
Yahoo. Soon after, a similarly advanced Web-GIS for analysis of health datasets was developed using
Open Source technologies (Sopan et al., 2012). On the server side the system used GeoServer along
with PostGIS, and the javascript OpenLayers library was used to build the thin client. The system
allowed for mapping the results of database queries (eg. for the projected life expectancy in different
counties), however it did not integrate data collection tools. In the same year, GeoServer and
OpenLayers have also been used for building a Web-GIS for server-side processing and generation of
disease risk and vulnerability maps. The system allowed analysis and mapping of user-uploaded
spreadsheets with the use of remote sensing Land Surface Temperature (LST) data derived from the
MODIS sensor (Porcasi et al., 2012). Not long after, a new element of Web-GIS disease mapping has
been introduced in the form of server-side infection spread simulation (Ramirez-Ramirez et al., 2013).
The proposed system for simulation and analysis of influenza infection spread has been implemented
with the use of ArcGIS Server and R framework, with the client component realized in Silverlight. In
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consequence the system required a browser plugin despite the fact that most functionalities were
implemented on the server side. At the same time, Open Source technologies have become widely
adopted in construction of Web-GIS tools for disease mapping. PostGIS, GeoServer and OpenLayers
together with Ext.js constituted a geospatial framework for online input and mapping of Dengue cases
in India (Tiwari and Jain, 2013). The combination of PostGIS and GeoServer has also been used for
server-side data storage and processing in a prototype Web-based cancer atlas (MacEachren et al.,
2013), and PostGIS has also been paired with GeoDjango, PySal and GeoExt to dynamically generate
maps on the server-side and present them to remote users by means of WMS in a framework for
analytical mapping of health data (Moncrieff et al., 2014). Different Open Source technologies in the
form of MySQL, Python, PHP and OpenLayers have been used to implement a Web-based GIS for
analysis of dengue fever outbreaks in developing countries. The system used Kernel Density
Estimation (KDE) to perform server-side spatial analysis of remotely uploaded data via density
estimation (Delmelle et al., 2014). This being said, the simultaneous progress of commercial solutions
has allowed for the introduction of new Web-based disease mapping tools, exemplified by a concept
Web-GIS for pollen allergy mapping (Lupa et al. 2017). The system used a two-tier architecture in
which the user interacted with a Web application implemented in a Software as a Service (SaaS) model
on the ArcGIS Online platform for remote collection and mapping of allergen data, while the actual
maps were created and updated by the system administrator using ArcGIS Desktop. In parallel, ArcGIS
Server has been used for server-side geoprocessing of diverse spatial datasets for the purpose of
identifying areas prone to spread of tropical diseases in East Java (Vitianingsih et al. 2017). While that
system required the Silverlight browser plugin to function, more recent disease mapping systems based
on commercial solutions tend to use a more modern approach. For instance, the Web-GIS for
collection, storage and distribution of information on West Nile disease spread in the Mediterranean
basin (Savini et al., 2018) used ArcGIS Server and ArcSDE for data storage and dissemination, with
data visualization provided by the ArcGIS Javascript API along with the Phylocanvas library. While it
has been designed for the purpose of data integration and dissemination, and only used Javascript API
for building the client, the system allowed for a certain level of interactivity, including highlighting of
regions affected by a selected virus strain as well as launching an animation of available temporal data
such as disease distribution history.

Recently, geospatial investigation of infectious diseases has intensified due to the worldwide spread of
COVID-19. Various spatial analysis methods have been applied during research of the publicly
available spatio-temporal infection datasets. Choropleth mapping has been used to depict the spatial
distribution of infections in different countries (Bod'ova & Kollar, 2021)(Rahman et al., 2021), while
hot spot mapping has enabled the detection of disease clusters on the global as well as national scale
(Charandabi & Gholami, 2021). Spatial autocorrelation has been applied for investigation of disease
spread characteristics in China (Li et al., 2020), analysis of the distance from testing sites for different
groups of citizens in Florida (Tao et al., 2020) as well as the association between citizen mortality and
proximity to available hospital beds in Sdo Paulo (Alcantara et al., 2020). In conjunction with remote
sensing, the available datasets have allowed for the investigation of the correlation of weather and
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environmental conditions such as temperature, precipitation and air pollution with infection rates,
suggesting their association with the number of new COVID-19 cases in several countries (Ma et al.,
2020)(Zhu et al., 2020)(Tehrani et al., 2021). At the same time, the lack of reliable testing methods in
the early days of the pandemic has stimulated the research of new data sources for modelling the spread
of the virus, including analysis of citizen mobility data (Jia et al., 2020), detecting anomalous trends in
ambulance calls (Gianquintieri et al., 2020) as well as analysis of social network posts via machine
learning (Mackey et al., 2020). Moreover, the global nature of the pandemic has increased the variety
of performed research. New topics include methods of contact tracking for early detection of possible
infections (Benreguia et al., 2020)(Boulos & Geraghty 2020) and analysis of the availability and
adequacy of open datasets for studying the spatio-temporal spread of the virus (Brovelli & Coetzee,
2021)(Mooney et al., 2021). Additionally, the introduction of lockdowns has given the scientific
community a unique opportunity to study the impact of travel restrictions on both mental and physical
health of people (Adams-Prassl et al., 2020)(Basu et al., 2020)(Marino et al., 2021) as well as the state
of environment pollution (Arora et al., 2020)(Oxoli et al., 2020)(Aman et al., 2020).

The ongoing effort for online monitoring of the worldwide spread of COVID-19 has been supported by
both commercial as well as Open Source technologies (Boulos & Geraghty 2020). The Center for
Systems Science and Engineering (CSSE) at Johns Hopkins University produced the Novel
Coronavirus Visual Dashboard (Dong et al.,2020), which aggregates COVID-19 infection data obtained
from national and international health institutions around the world. The online tool provides
information about the number of infections, deaths and administered vaccines in the form of map
markers as well as time series plots. The data may be displayed in the global context as well as
individually for selected countries and U.S. states. A similar service has been established by the WHO
in the form of the Coronavirus Dashboard. It provides a similar set of information (COVID-19
infections, deaths and vaccinations) through similar means (map and time series plots). One of the key
differences lies with data mapping: in contrast to CSSE’s markers, WHO opted for a choropleth map,
which assigns different shades of colour to countries depending on their total number of infections,
deaths or vaccinations (WHO, 2020). Several smaller-scale COVID-19 mapping initiatives exist,
however they appear to be using a selection of the aforementioned data presentation techniques (scale-
dependant marker clusters, time series plots and choropleth maps showing the number of new
cases/deaths/vaccinations as well as their cuamulative count) (Allen et al.,2020)(Arab-Mazar et al.,2020)
(Mooney & Juhasz, 2020). This quantitative approach to data presentation and analysis is
understandable, as COVID-19 has shown to be transmitted via direct contact with an infected
individual, and other potential aspects of its spread (such as environmental conditions) are yet to be
explored (Al Huraimel et al., 2020). The system architecture employed by these solutions focuses on
providing a thin and lightweight Javascript-based client, while the server side is primarily used for data
storage and serving of background map tiles.

As it can be seen, during the last decade Web-GIS tools dedicated to disease analysis and mapping have
made considerable progress from simple data dissemination websites to sometimes quite advanced
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tools for data processing and analysis. In terms of system architecture, however, the common
characteristic of the presented systems is that they either provide a thin web client and rely on server-
side processing, or require the installation of a browser plugin (Flex, Silverlight) in order to provide a
higher level of interactivity on the client. Moreover, from the design point of view, many of the
presented systems require the user to upload health data in a particular format, which requires technical
experience and thus may reduce the number of potential users. From the user perspective, it is
important that a Web-GIS provides interactive data analysis tools through a responsive interface
(Sakairi et al., 2008), (Kulawiak & Lubniewski, 2014), (Go & Gretzel, 2016), (Chakraborty &
McMillan, 2018). In this context, the responsiveness of a thin Web-GIS client will always be limited by
several factors, including network bandwidth and server load (Kulawiak et al., 2019). On the other
hand, the limited performance of both web browsers as well as Personal Computers (PC’s) in general
has for many years limited the applicability of plugin-free thick-client solutions. This being said,
recent years have seen a substantial improvement in the performance of both Web browsers as well as
PC’s, to the extent where processing of smaller geographic datasets may actually be faster when
performed on the client (Kulawiak et al., 2019). In this context, the article presents a novel thick-client
architecture of a Web-GIS dedicated to disease mapping, based purely on Open Source technologies.
The architecture has been implemented in the form of a system applied to remote mapping and analysis
of echinococcosis cases in Poland.

Materials and Methods

As it has been shown in the preceding section, existing Web-GIS tools for disease analysis and
mapping either use a thin-client approach, which puts a high strain on the server and limits user
interactivity, or employ a thick client which requires installation of a bowser plugin. Moreover, few of
the existing solutions provide user-friendly tools for data input, and none are directly integrated into the
workflow of clinicians. In this context, the presented work aims to propose a novel system architecture
for Web-GIS dedicated to disease mapping, which reduces the strain on the server while providing the
user with a variety of analytic functionalities. The proposed architecture has been applied to a system
for remote mapping and analysis of echinococcosis cases in Poland, which has been designed in
cooperation with a major Polish hospital centre.

The characteristics of echinococcosis

Echinococcosis (EC) is a parasitic disease caused by the larval forms of tapeworm from the family of
Taeniidae. There are several species known to cause infections, however only Echinococcus granulosus
sensu lato and Echinoccocus multilocularis are significant from the epidemiological and clinical
standpoint. The parasite infects carnivores, mainly foxes and dogs, which excrete the parasite eggs into
the environment. Man is an intermediate host, which becomes infected through close contact with dogs
(E. granulosus sensu lato) or by eating unwashed fruits or vegetables covered in parasite eggs of E.
multilocularis. Clinically the disease is characterized by a long-lasting asymptomatic phase. Symptoms
depend on the location and the size of the parasitic lesion, which means that for many years the disease
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may remain hidden (McManus et al., 2003). In most cases the primary lesions are localized in the liver
in the form of a single-chamber cyst in the case of E. granulosus sensu lato (also known as Cystic
Echinococcosis - CE) and a tumour-like mass in the case of E. multilocularis (also known as Alveolar
Echinococcosis - AE). In some cases the cysts reach very large sizes, and extrahepatic lesions including
remote locations like lungs, spleen or brain may be detected at the time of diagnosis. Diagnosis is based
on typical imaging findings, positive results of antibody detection tests, or the histopathological and
molecular examinations of intraoperative material. Treatment consists of surgical interventions in
combination with pharmacological therapy or is limited to pharmacological therapy with
benzimidazoles (albendazole or mebendazole). Liver transplantation is regarded as a salvage therapy in
advanced hepatic EC. Studies have shown that the risk of infection is greatly increased by the vicinity
of forests, while deforestation causes quick recession of new infection cases (Giraudoux et. al, 2006).
Echinococcosis prevention also involves systematic de-worming of domestic dogs and reduction of the
population of foxes in endemic areas (Kern et al., 2003). In Poland around a dozen new cases of
echinococcosis are discovered on a yearly basis, primarily in the Voievodships of Warmia-Mazury,
Podkarpackie and Malopolskie. The highest risk of infection applies to humans working in forestry or
accustomed to collection of undergrowth (Gawor, 2016). New cases of echinococcosis are diagnosed
and treated in a few dedicated medical facilities, one of the most prominent being the University Center
of Maritime and Tropical Medicine located in the city of Gdynia in northern Poland (UCMTM).

The University Center of Maritime and Tropical Medicine

UCMTM is one of the oldest medical scientific and research institutions in Poland. It was established
in 1938 under the name of the Institute of Maritime Medicine, and since 1939 it has been operating as
an independent institution. After the second World War, it was reactivated in 1947 and incorporated
into the structures of the Medical Academy in Gdansk. In 2003, after the establishment of the Academic
Center of Maritime and Tropical Medicine, the scientific part of UCMTM was incorporated into the
structures of the Medical Academy in Gdansk (now Medical University of Gdansk) as the
Interdepartmental ~ Institute =~ of =~ Maritime and  Tropical = Medicine  (IIMTM).
UCMTM consists of four wards (Tropical and Parasitic Diseases, Cardiology and Internal Diseases,
Occupational Diseases, as well as Hyperbaric Medicine and Marine Rescue) and their respective
outpatient clinics. It currently employs 28 specialists who represent inter alia internal diseases,
infectious diseases, marine and tropical medicine, cardiology and anesthesiology. In addition, over a
dozen residents are currently undergoing specialization training. Annually, UCMTM treats more than
3,500 patients, and a similar number is provided with medical advice in the outpatient clinics.

During the last decade, the ward of Tropical and Parasitic Diseases hospitalized nearly 100 patients
with newly diagnosed alveolar echinococcosis. The majority of patients came from rural areas, 55% of
them were women. Half of these patients required radical treatment, about 10% of patients qualified for
liver transplantation, and another 10% died (Sulima et al., 2019). The collection and processing of data
on cystic echinococcosis is still ongoing.
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In order to provide the UCMTM clinicians with the best possible tools, an analysis of their workflow
has been performed, beginning with patient interviews and data collection, including data storage and
processing, to the methods of its analysis and presentation. Moreover, a literature review on the applied
methods of GIS-based echinococcosis analysis has also been performed.

State-of-the-art in GIS-based analysis of echinococcosis

Since echinococcosis infections are transferred indirectly, they depend primarily on environmental
factors, which in turn makes the disease well suited to analysis with tools provided by GIS. In
literature, diseases determined by environmental factors are analysed using hot spot mapping and
spatial autocorrelation (Louis et. al, 2014) as well as simple dot-based prevalence depiction (Kelly-
Hope et. al, 2004) (Kistemann et. al, 2002) (Dangendorf et. al, 2002). Looking at echinococcosis
specifically, the most commonly applied spatial analysis algorithms are choropleth mapping (Brundu,
et. al, 2014) (Berke, 2001) (Berke, 2005) as well as hot spot and dot-based prevalence mapping
(Larrieu et. al, 2013). These analysis methods have been used to establish the environmental factors
which may influence the disease spread, as well as visualize the relative rates of infection in different
regions. Recently, choropleth mapping has been used to depict the relative infection rates in different
countries in order to map the global distribution of alveolar and cystic echinococcosis (Deplazes et. al,
2017). The research has been conducted based on reported results of testing dogs and foxes, and thus it
cannot be directly related to infections of humans. A somewhat more advanced analysis (however
vastly more limited in scope) has been performed in the Xiji County of China’s Ningxia Hui
Autonomous Region (NHAR), where landscape profiles have been analysed to select suitable habitats
for conducting a study of echinococcus occurrence in domestic dogs (Liu C. et. al, 2018). The study
has shown that echinococcosis was prevalent in mountainous regions and relatively scarce on the
plateau, which was attributed to the occurrence of small mammal carriers. The risk of transmission to
humans has not been discussed in much detail, however it was deemed to be highest in rural regions,
where domestic dogs are malnutritioned and allowed to roam freely. Cases of human cystic
echinococcosis have also been spatially analysed in the China Sichuan Province (Liu L. et al., 2018),
where choropleth mapping was used to depict spatial autocorrelation and cluster analysis of
echinococcus occurrence in different towns of the region. The results have shown five spatial clusters
with significantly higher prevalence rates. In comparison to other places in the region, these areas have
been characterized with a prevalence of grasslands, as well as with a higher number of owned and stray
dogs. These findings were corroborated by an independent GIS-based study of the prevalence of human
cystic echinococcosis in Western China (Huang et al. 2018). A regression analysis of human CE cases
obtained from literature has shown that prevalence of echinococcosis shows positive spatial correlation
with grassland area and population illiteracy rate, and negative correlation with population density,
Gross Domestic Product (GDP) and Land Surface Temperature (LST). Recently, a similar analysis has
been performed for the southwestern Iran province of Fars (Ghatee et. al, 2020). The research,
performed in a different climate and for partially dissimilar list of potential disease spread factors, has
revealed positive spatial correlation of human CE with density of livestock, location of irrigated
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farmlands and low terrain slope. In contrast to research performed in China, the study has shown no
relation between LST values and human EC occurrences.

Summing up, the presented study of the application of GIS and spatial analysis to research of
echinococcosis cases has shown that a system dedicated for such a task should provide a certain set of
analytic functionalities, including dot-based prevalence mapping, hot spot mapping, choropleth
mapping and spatial autocorrelation as well as tools for comparison with other types of spatial data
such as land use and terrain height. Moreover, the system should be well integrated into the workflow
of clinicians, providing support for collection and management of patient data, including information
on initial interviews and diagnosis as well as treatment history and results.

Results

This section presents the software architecture of the proposed solution, describes the used datasets and
processing methods as well as illustrates the application of the developed system to mapping and
analysis of echinococcosis cases in Poland.

System architecture

The proposed architecture of the Web-GIS for mapping and analysis of echinococcosisis is shown in
Figure 1.

End users
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Fig. 1: Architecture of the proposed system for mapping and analysis of echinococcosis occurrences

The proposed Web-GIS is based on the client-server architecture and uses the thick client approach.
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Access to system functionalities is provided through the Graphical User Interface (GUI) module, which
uses PHP, HTML and Javascript to provide a set of easy to use data management tools. These include
forms for input of information such as patient data and disease history, applied medicaments,
performed tests and their results, treatment types and their duration, as well as tools for database query
which include searching and filtering the results. Aside from tabular data provided by the user, the
system database can also hold raster data formats such as scans of test results. Because the database
contains potentially sensitive patient data, such as name, address, weight, height or type of infected
organ, access to the system is restricted through an account hierarchy which recognizes three types of
users. The administrator account provides full access to the entire system, and enables management of
other user accounts. Regular user accounts are set up for all doctors working with EC cases. Each
clinician can view all the patient data and perform analyses, however they may enter and edit data
regarding their patients only. Limited accounts are reserved for hospital interns, who are allowed to
browse collected data, but have no means of modifying it.

The server also hosts a collection of Thematic layers, which serve as background data and may be used
by the Geovisual Analysis module for research purposes. The server is primarily used for data storage,
with the exception of the Geocoding module, which performs a look-up of the patient’s address and
converts it into geographic coordinates using technology of the Open Source Nominatim project
(Hoffmann, 2018). The module takes up about 10 GB of disk space and requires less than 2 GB of
RAM to process. Considering that the Patient and Thematic layer databases take up less than 100 MB
of disk space and require considerably less RAM, the system’s hardware requirements for the server are
very low by modern standards.

The geospatial information collected in the system databases may be displayed by means of the
Mapping module, which is based on the Open Source OpenLayers library (https://openlayers.org).
OpenLayers is a modern web mapping Javascript library which uses HTML5 and CSS3 features such
as canvas and WebGL data rendering to provide fast and efficient visualization of geospatial data.
Applied optimizations such as buffering vector features in raster format and caching batches of drawing
instructions allow the library to maintain good performance even when displaying relatively large
vector datasets (Kulawiak et al., 2019). In addition, OpenLayers can import and display geospatial data
from a variety of standard sources, including open data formats such as KML and GeoJSON as well as
web-based dissemination protocols such as OGC WMS and Web Feature Service (WFS). Imported
features may be displayed using custom styles created using HTML and CSS, and their spatial
characteristics may be investigated using built-in data visualization methods such as feature clustering
and hot-spot mapping. Moreover, OpenLayers is written in pure Javascript, which not only minimizes
application loading time, but also enables its easy integration with various types of GUI and simplifies
the process of enhancing and expanding its functionalities with the use of external libraries. The latter
is particularly important as the Mapping module performs dynamic data exchange with the Geovisual
Analysis module.

Processing methods
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The system’s Geovisual Analysis module implements advanced methods of spatial analysis in addition
to providing a standard set of geoprocessing tools. The latter are realized by means of the Open Source
Javascript Topology Suite (JSTS) library, which is an ECMAScript 2015 port of the well established
Java Topology Suite (JTS) (Harrtell, 2020). The library provides a set of spatial predicates and
functions for processing geometry conforming to the Simple Features Specification for SQL published
by the Open Geospatial Consortium. In consequence, it enables convenient computation of overlay
functions such as intersection, difference or union as well as operations of buffering or distance
measurement. The operations may be performed on standard geometric features such as point, polyline
or polygon, as well as their collections (MultiPoint, MultiLineString, MultiPolygon). As part of the
system’s Geovisual analysis module, JSTS is used to solve vector feature problems such as point-in-
polygon, which are substantial in implementation of the spatial analysis methods. The spatial analysis
methods implemented by the module include choropleth mapping and spatial autocorrelation of patient
data. The former is a method of mapping spatial statistics data, where the occurrences of a given
phenomenon (such as wildfires or individuals earning above-average wages) are aggregated within
given spatial boundaries such as districts, cities, states or countries. Every boundary is then assigned a
colour which represents the number of such occurrences within this particular boundary. The colours
are taken from a pre-computed scale, which is delimited by the smallest concentration of occurrences
from one end, and the largest one from the other. This means that if a greyscale bar is used for
representation, the smallest number of occurrences would be represented by white colour, the largest
one would be represented by black colour, and all other areas would be assigned different shades of
grey (Wright, 1938). Spatial autocorrelation, on the other hand, is an extension of the mathematical
measure of temporal autocorrelation, in which consecutive values of the same variable are similar to
each other. In the geographical context, spatial autocorrelation measures the extent to which
neighbouring values of a given variable are similar to one another. While temporal autocorrelation is
measured in the function of time, spatial autocorrelation is measured in the function of distance, and is
usually computed for values measured within given boundaries (such as districts, cities, states or
countries). One of the most prominent measures of spatial autocorrelation is Moran’s I (Anselin, 1995),
which produces values in the range (-1; 1). Lower values indicate negative spatial autocorrelation,
higher values indicate positive spatial autocorrelation, and values near zero suggest no spatial
autocorrelation (meaning that values in neighbouring boundaries are distributed randomly). The spatial
autocorrelation algorithm used by the system’s Geovisual Analysis module is based on the Javascript
implementation of Moran’s I provided by Huang (2018). The final data analysis algorithm provided by
the Geovisual Analysis module is heat mapping (Wilkinson & Friendly, 2009). A heat map represents
the magnitude of a spatial phenomenon (such as population density or radio signal coverage) by means
of colour intensity. In a heat map, a single point of data is represented by a structure resembling a two-
dimensional Gaussian distribution, where its amplitude is determined by the value of the analysed
variable at this point. The depictions of neighbouring points are aggregated within a given distance (eg.
a matrix of screen pixels), producing more visually significant spots. Due to this characteristic, heat
mapping is often used for representing the spatial density of a given phenomenon. The implementation
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of heat mapping used in the system’s Geovisual Analysis module is provided by the OpenLayers
library.

Datasets used by the system

The available datasets describe the area of Poland and include administrative boundaries, terrain type
and height. The former have been obtained from the Polish Central Office of Geodesic and
Cartographic Documentation (GUGIK, 2020). The dataset contains 376 vector features consisting of
68207 vertices and measuring 3164949 bytes bytes in GeoJSON format. Terrain type data has been
obtained from the CORINE Land Cover database which is a Pan-European collection of land cover and
land use information made available within the Copernicus programme. Since its introduction in 1985,
the database has been periodically updated for the last 30 years by visual interpretation of latest high
resolution satellite images. The dataset, divided into 44 classes, exhibits a geometric accuracy of less
than 25 m and a thematic accuracy of over 85% (Copernicus, 2018). For the purpose of this work, the
dataset has been divided into classes describing land types known to have positive or negative
associations with echinococcosis: municipal areas, forests, farmlands and grasslands as well as water
bodies. The resulting dataset has been generalized to 1 km accuracy, resulting in 10363 vector features
consisting of 191033 vertices and measuring 9597317 bytes in GeoJSON format. Terrain height
information has been obtained from the GTOPO30 DEM (USGS, 1996). GTOPO30 is a raster dataset
containing terrain height information for the entire planet with the spatial resolution of approximately 1
kilometre. The DEM has been created in 1996 by the Center for Earth Resources Observation and
Science (EROS) of the U.S. Geological Survey (USGS), and is freely available for download and use.
Because the state-of-the-art analysis did not reveal a direct relationship between certain values of
terrain height and EC occurrence, and instead suggested a possible link to the type of terrain (such as
plains or mountains), the GTOPO30 DEM has been classified into 100 m intervals representing 11
types of terrain height. The result of the classification has been vectorized, producing a dataset
containing 1362 vector features consisting of 17408 vertices and measuring 810926 bytes bytes bytes
in GeoJSON format. The database of addresses in Poland used by the Geocoding module is based on
data obtained from OpenStreetMap through Geofabrik (2021).

The presented system has been applied to collection and analysis of echinococcosis cases in Poland by
the University Center of Maritime and Tropical Medicine in Gdynia. Insights revealed by this practical
application of the system are presented in the following section.

Application of the system to analysis of EC cases in Poland

Analysis of patients with echinococcosis in a spatial context is a complex and time-consuming task. It
requires the doctor not only to maintain a detailed disease histories of many patients, but also to
manually analyse them and apply selected cases to the map. Moreover, every change to the dataset
equals a requirement for manual reanalysis. This approach is not efficient and results in a high
probability of making a mistake. The presented system answers the above challenges by combining in
one tool a comprehensive module for creation, edition and display of disease history with a module for
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dynamic mapping of selected aspects of the disease in a geographical context. The patient database not
only allows to store detailed disease histories, but also enables their display and filtering depending on
characteristics such as patient age, severity of the disease or time of hospitalization. When creating a
patient card, the patient's geographical location is automatically assigned to the record, which allows
the user to immediately observe the patient's position on the map. This, combined with the filter
capabilities of the patient database, enables spatial visualization of thematic data such as the location of
patients in various stages of the disease, or the number of cases in a given city. With a single click on
the top bar of the GUI, the user may switch from the Patient database to the Mapping module. The
latter presents users with a multi-layer map of Poland. The available layers include a base map,
obtained from the OpenStreetMap service, with overlaid administrative boundaries representing areas
belonging to different cities. By default, the map also displays the locations and types of all recorded
echinococcosis cases. Patients are represented by markers which vary in shape, style and colour
depending on personal details. Patient’s sex is represented by marker shape (circles for women,
triangles for men), type of echinococcosis is displayed by marker style (alveolar echinococcosis is
represented by a uniform colour, while cystic echinococcosis is represented with a line pattern), while
colour indicates treatment status (patients undergoing treatment are coloured red, while patients
considered fully treated are shown in green). Figure 2 presents a sample view of the Mapping module
presenting cases of echinococcosis discovered in the Pomerania region of northern Poland.
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Fig. 2: Cases of echinococcosis discovered in the Pomerania region of northern Poland, displayed by
the system’s Mapping module. Marker shape represents patient’s sex (men are marked with triangles),
colour denotes whether treatment has been completed (green marks fully treated patients), while style
denotes type of echinococcosis (cystic echinococcosis is represented with a line pattern)

The remaining map layers, which depict land use and terrain height, are initially hidden and need to be
enabled by the user. This makes the default view much easier to interpret, while also ensuring a high
level of system responsiveness by allowing the layers to asynchronously load in the background when
the Mapping module is first started. These datasets become particularly useful when combined with the
research tools provided by the client’s Geovisual Analysis module, which include heat mapping,
choropleth mapping and spatial autocorrelation.

Because Poland is located on relatively flat terrain, the provided terrain height classification layer
makes it fairly simple to establish whether the collected EC occurrences are in any way related either to
a given terrain type (such as highlands, plains or mountains) or a given range of terrain heights. Figure
3 presents a heat map of EC cases overlaid on different terrain height classes. As expected due to the
topology of Poland’s terrain, the majority of reported EC infections took place on plains located no
more than 200 m above the sea level.

13


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e o

R ST, Yl SRR i O

ol 4 Munjampow s
Kanumuurpag #— apskritiv="Ji, 4
i el
Zatoka " _, : I
[ pomorsko - 33 /8
& - commersce PR o
| G & O lytaus apskritis |

Swingujscuslihd

0

/\_u?
. =Brandenburg
T \_oj‘ /
T =B:
Dresden ; 5
o *
achsen 5 1
Liberec “A‘.d”
Usl[ nad il
J"""Lahem it & il
i X Py
Sevemzépad
\-\H—" ...... .\‘.
Nesiacexa
oBA0CME
)
I .'n’\_-k'
! o ; e L “ : ;;"
s T e A : e T ) et
: Zilinsky kraj Presovsky : o
3 Budélé\rlce .. W,\_&W /rh IsaHo-®pi

Fig. 3: A heat map of EC cases overlaid on different terrain height classes. As it can be seen, the
majority of reported EC infections took place on plains located no more than 200 m above the sea level

While analysis of EC cases in relationship to terrain characteristics is important from the scientific
viewpoint, the practical medical approach requires quick identification of new infections and limiting
their number. For this purpose it is necessary to identify municipal areas particularly prone to infections
and implement preventive measures, eg. in the form of informative campaigns. For this purpose, the
system provides several tools, including choropleth mapping and spatial autocorrelation. Figure 4
presents a sample choropleth map of EC infections in different administrative areas of the country. The
number of recorded EC cases is represented by a colour scale spanning from green (no cases) through
yellow (moderate number of cases) to red (the largest concentration of EC cases).
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Fig. 4: The system enables spatial analysis of collected echinococcosis cases by means of a choropleth
map. The largest number of EC cases has been recorded in the city of Lidzbark (marked in red), while
significantly large concentrations may also be found in the cities of Elblag and Ilawa (shown in yellow)

As it can be seen in Figure 4, the country-wide spread of EC cases looks substantially different when
analysed in the context of administrative areas. The EC concentrations which may be found in Figure 3
(heat map) in the northernmost part of the country are divided into several city areas, which reduces
their significance. On the other hand, the concentrations in the north-eastern area (cities of Elblag,
Ilawa and particularly Lidzbark) remain meaningful. Their significance may be further analysed with
the help of spatial autocorrelation. The system’s Geovisual Analysis module provides a tool which uses
points-in-polygon data (which also constitutes the choropleth layer) to calculate local Moran’s I for
every administrative area and returns identified clusters of significantly high values, which are depicted
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on a dedicated thematic layer.
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Fig. 5: Cluster of significantly high neighbouring values of local Moran’s I calculated for the number
of EC cases reported within the boundaries of every city

Since reported EC infections are not prevalent on the entire area of Poland, and instead are distributed
rather sparsely, there is little point in analysing the spatial clustering of low infection rates. For this
purpose the system’s spatial autocorrelation tool focuses on presenting spatial clustering of cities with
high infection rates, which may provide the end user with new insights. Figure 5 presents a cluster map
of high values of local Moran’s I calculated for the number of EC cases reported within the boundaries
of every city. The identified cluster consists of the neighbouring cities of Lidzbark, Elblag and Ostroda.
While the latter contains a smaller number of reported EC infections, it is surrounded by Lidzbark,
Elblag and Ilawa which all house significant numbers of infections. In consequence, the provided tool
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has identified a potentially interesting and not immediately obvious spatial autocorrelation cluster,
which warrants further research. Such an investigation may be performed with the use of other tools
provided by the system. A detailed analysis of this area, conducted with the use of the system’s land use
layer, reveals that it consists of several relatively small urban centres, surrounded with swaths of rural
and forest areas. A close-up view of this area as seen on the land use layer is shown in Figure 6.
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Fig. 6: Dot-based prevalence of EC cases in north-eastern Poland overlaid on different land use classes.

As it can be seen, the majority of reported EC infections took place in rural areas

As it can be seen in Figure 6, virtually all EC infections reported in Lidzbark, Elblag, Ilawa, Ostroda,
Bartoszyce and Mragowo took place in rural areas, far away from local city centres. When analysing
the entirety of the dataset collected thus far in the system, it becomes clear that the vast majority of
reported EC cases take place in such environments. Moreover, most of the remaining infections, which
have been registered in large agglomerations, turn out to be located near forests. This is generally
consistent with previous reports (Golab and Czarkowski, 2014; Waloch, 2012) and may point to a
deficit in public awareness of EC and/or methods of its prevention. Analysis of EC data collected in the
system thus far suggests that an EC prevention campaign targeted at the cities of Lidzbark, Elblag and
Ilawa could significantly help in reducing the overall number of infections in the country. This being
said, it should be noted that the relatively low number of EC observations currently present in the
system’s database does not allow to make general assumptions regarding the nature of echinococcosis
infections in Poland.
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Discussion

This section discusses the obtained results, including system architecture, functionality and employed
data modelling techniques, in the context of the current state-of-the-art.

Discussion of system functionality

As it has been discussed previously, studies involving spatial mapping of echinococcosis have thus far
been performed manually with the help of standard GIS applications. The majority of those studies
have involved choropleth mapping (Deplazes et. al, 2017)(Brundu, et. al, 2014) (Berke, 2005)(Berke,
2001), while some also used hot spot (Ghatee et. al, 2020)(Huang et al., 2018) and dot-based
prevalence mapping (Larrieu et. al, 2013). Aside from administrative boundaries, some of the studies
also analysed EC infection locations in the context of land use (Huang et al. 2018) and terrain height
(Ghatee et. al, 2020)(Liu C. et. al, 2018). In all aforementioned cases, the medical data needed to be
manually collected, geocoded and pre-processed into a compatible format for the purposes of mapping.
In comparison, the presented system constitutes a dedicated solution, which has been closely integrated
within the workflow of clinicians. It supports the entire process of EC analysis, from collecting patient
interview and medical tests data, through monitoring the treatment process, to mapping and analysis of
results. Moreover, since the mapping process is automated, the system makes it possible to dynamically
filter patient data depending on the values of attributes such as age, severity of the disease or length of
hospitalization, with the results being immediately reflected on the map. The presented system relieves
medical researchers of time-consuming tasks by providing automatic geocoding of collected
information as well as delivering all relevant datasets and analysis algorithms in one user-friendly
package. Additionally, the system also provides a novel method of mapping patient data, which exploits
the shape, style and colour of a marker to convey information regarding patient’s sex, infection type
and treatment status, respectively. Thus, in the context of EC mapping, the system provides all state-of-
the-art tools and methods, integrated alongside automated geocoding and novel mapping techniques
into a single package designed to fit the needs of clinicians. In fact, interviews with UCMTM staff have
revealed that the developed Web-GIS has become a useful tool for streamlining the process of
diagnosis and treatment of echinococcosis cases. Its introduction has helped in systematizing patients,
including identification of risk groups which required more careful observation. Due to it being closely
integrated into the existing medical workflow, the system has made it possible to create and maintain
detailed medical records in an organized manner, which is particularly important due to the EC
treatment process often taking many years. Moreover, the provided analytical tools have shown to be
useful during medical research. This was to be expected, as the analytical functionality of the presented
system has been designed in the general context of GIS-based disease mapping applications. Recent
applications of GIS tools to disease mapping employed heat mapping (Rasam & Shariff, 2019), land
cover analysis (Dlamini, 2020) choropleth mapping (Zahrieh et al., 2020) as well as choropleth
combined with heat mapping via kernel density estimation (Murad & Khashoggi, 2020). Some
researchers have also employed data interpolation by means of Inverse Distance Weighting (IDW)
(Belief, 2018) and Kriging (Paireau et al., 2018) as well as time series plots (Dong et al., 2020). In this
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context, the system provides all state-of-the-art data analysis and processing methods aside from data
interpolation and time series plots. This limitation is by design, however, as these tools were not
deemed necessary in the current version of the system due to the characteristics of the analysed disease.
In the case of time series plots, they can be very useful in the analysis of fast-spreading diseases,
however EC infections are generally counted on a yearly basis. This means that such plots are
constructed very rarely, and although it would be technically feasible, there was no need for them to be
automatically constructed and updated by the system. However, it is possible that after several more
years of expanding the system database plotting a time series of infection rates may reveal new
insights, at which point this functionality may be introduced. As far as data interpolation is concerned,
such techniques work best with a large number of evenly spaced input datasets, whereas EC infections
are relatively sparse (particularly in developed countries) and have a tendency for clustering around
areas inhabited by intermediate hosts. Thus, the accuracy of EC interpolations would be limited, at least
until a sufficiently large and spatially varied infection dataset is collected. It should be noted, however,
that there are no technical obstacles in the way of implementing this functionality in the future, as it has
been shown that data interpolation in DHTML can work well even on a relatively weak client hardware
(Kulawiak & Wycinka, 2017).

Discussion of system architecture

As far as dedicated Web-GIS for disease mapping are concerned, the latest works primarily feature a
client-server architecture with a thin DHTML client providing data mapping and visualization,
combined with a server which hosts the patient database and data processing functionalities. In all
cases, maps are prepared server-side and sent to the client in raster format. Interactivity is thus limited
to browsing and zooming the map and (occasionally) clicking on interface elements in order to display
additional information (such as regional infection statistics in the case of the COVID-19 mapping
services (Boulos & Geraghty 2020)). Moreover, all analytical functionalities (such as spatial
autocorrelation (He, 2021) temporal data animation (Savini et al., 2018), density estimation (Delmelle
et al., 2014) and choropleth mapping (Lupa et al. 2017)) are also realized on the server. This approach
allows the systems to run on very weak client machines, at the cost of requiring a relatively powerful
server infrastructure. Moreover, although existing systems attempt to collect some data automatically
from online sources, large parts of their databases still require manual data collection and update (He,
2021)(Dong et al., 2020)(Savini et al., 2018)(Lupa et al. 2017). In comparison, the presented system
employs a thick-client architecture which places very little strain on the server, and instead runs all of
its data presentation and analysis algorithms on the client machines. Moreover, the thick-client is
implemented strictly with the use of DHTML, which makes it independent from the software and
hardware platform of the client machine (provided that the client is equipped with a modern web
browser). While this could potentially have a negative impact on user experience depending on the
performance of the client machines, in practice even computers which are considered low-end by
modern standards have enough processing power to sufficiently support such an architecture, if it has
been properly optimized (Kulawiak et al., 2019). This is why by default the presented system’s
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Mapping module only displays the base map and the patients layer, which are both lightweight and do
not impact startup time or display performance in any noticeable way. Since OpenLayers supports
asynchronous loading of resources, the remaining layers are downloaded in the background and
displayed on user demand. Moreover, since OpenLayers also supports buffering vector features in
raster format, the system does not need to re-render the vector layers on every update of the map
viewport. As a result, the only noticeable slowdown in data display occurs during the first render of the
largest dataset in the system, which is the terrain type layer. On average this operation takes about 1.5 s
on a relatively old Core i7-3630QM, a notebook-class processor produced in 2012. Most of the
system’s spatial analysis operations are also instantaneous, with the exception of calculating Moran’s I
which on average requires over 6 s to complete. With all rendering and analysis operations running on
the client, the strain on the server is limited to serving and receiving relatively small amounts of data
(including datasets, the entire DHTML client is less than 15 MB in size, and database update requests
usually measure between 2 and 6 KB) and performing occasional geocoding operations (which usually
complete within several seconds).

Aside from performance concerns, a potential disadvantage of the employed thick-client architecture
could lie in the dissemination of the results of performed analyses. Since those are performed on the
client, they cannot be easily saved on the server for convenient presentation to other researchers. While
this could potentially be an issue in larger and spatially dispersed research teams, it did not pose a
problem for the small and geographically focused team at UCMTM. On the whole, the system
architecture, implemented and delivered in the SaaS model, has proven to be easy to maintain and
update, while at the same time providing considerable data processing and analysis capabilities. Being
written purely in DHTML and not dependant on plugins, the system has shown to operate without
issues on all leading Web browsers. Moreover, with no reliance on third-party services, the system has
remained fully functional throughout all encountered internet access outages (with the only issue being
the unavailability of the OSM background layer). This includes the automatic geocoding functionality,
which is realized by an integrated address geodatabase.

Discussion of employed modelling approaches

In order to model the spatial characteristics of EC cases in Poland, the system uses several techniques,
including styled markers, choropleth mapping, heat mapping and spatial autocorrelation. All of them
have advantages and disadvantages, which are discussed in this section.

Styled markers

The principles of geovisual analytics advocate the use of shape, style and colour for the purpose of
conveying tabular information in graphical form (Andrienko et al., 2007). Such an approach facilitates
the use of a person’s visual cognition capabilities for the purpose of broadening the stream of data
simultaneously delivered to the brain. In practical terms, it allows the end user to obtain a certain
number of informations without specifically looking for them (which would involve interacting with
the GUI to search the system database). The system uses this methodology to represent the patient’s
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sex, infection type and treatment status by means of marker shape, style and colour, respectively. While
a lot of thought has gone into making those associations possibly intuitive, interviews held with
clinicians have shown that the scheme can be initially confusing and generally requires a period of
adjustment, during which users need to get acquainted with the meaning of at least one of the
aforementioned characteristics. Moreover, long-term observations indicate that a lengthy delay between
consecutive interactions with the system may result in the need to re-adjust oneself to the said depiction
scheme. Despite this, in general users reacted favourably to this method of data visualization, and none
of the respondents indicated a preference for a more traditional uniform way of visualizing EC cases.

Choropleth mapping

The choropleth map aggregates occurrences of the investigated phenomenon within given spatial
boundaries. The system uses it to depict the number of EC infections in every city in Poland. An innate
limitation of this approach is that it firmly frames the depicted situation within the chosen
administrative boundaries. Therefore it is not possible to analyse the conditions within any given city,
nor is it possible to investigate and compare the situation in different Voievodships. It also produces
abrupt changes at the boundaries of neighbouring regions, which may give a false impression regarding
the spatial distribution of patients. Moreover, this method of data analysis does not take into account
variables such as population density. In consequence a small but densely populated region could be
given a greater visual emphasis than a larger but sparsely populated area, potentially leading to
inaccurate conclusions regarding the percentage of infected population in both areas. Finally, although
choropleth maps are a good way of depicting the characteristics of different regions, they are not
recommended for conveying actual data values. This is particularly true of similar values, which are
often displayed with undistinguishable shades of colour. In the above context, It is important to use the
choropleth map for the appropriate purpose, which (in the case of the presented system) is the
comparison of EC infection rates in different cities. Moreover, the conclusions of such an analysis
should be interpreted in the context of other available data, such as terrain use. As shown in the Results
section, these differences may be caused by the effectiveness of local education or health services as
well as by the proximity of natural habitats of intermediate hosts. This is also why the system allows
for analysis of the choropleth map in conjunction with overlaid heat map or patient markers, which will
provide information regarding the spatial spread and density of individual EC cases (as this information
cannot be derived from the choropleth map alone).

Heat mapping

Heat maps are widely used for depicting the clustering of spatially distributed values of a given
variable, eg. the occurrences of a given phenomenon. They convey the differences in the magnitude of
the phenomenon at different clusters by graduating the intensity of their colour representation.
Although heat maps are a good way of depicting value clustering, they generally fail to properly
represent both the values themselves as well as the differences between them. This is particularly
evident in the case of similar values, which are often displayed with undistinguishable shades of colour.
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Moreover, using a single linear colour scale for the heat map means that a large group of values in a
small area may easily overshadow even a large number of smaller and more dispersed groups. While
this issue could be somewhat alleviated by using a scale consisting of several consecutive colours, this
is complicated by the fact that humans demonstrate variable sensitivity to different colours, which
makes construction of a continuous and coherent colour scale rather difficult (Cavonius & Estevez,
1975). As a result, heat maps should be primarily used for detecting of spatial feature clusters, and
particular consideration should be given to the applied colour scales. This is why the heat map used by
the presented system employs a colour scale consisting of green, yellow and red, which are among the
most easily distinguishable colours for the majority of humans (Green, 1968). Moreover, the heat map
available in the presented system functions as an overlay, which allows for its use in conjunction with
other datasets. This way the spatial density of EC cases may be investigated eg. in relation to
administrative boundaries, land use or terrain height, providing additional context to the detected
spatial clusters.

Spatial autocorrelation

Spatial autocorrelation is a method of measuring the similarity of values of a spatial variable recorded
at neighbouring locations. The existence of autocorrelation (be it positive or negative) may indicate the
existence of an external factor or phenomenon influencing the spatial spread of values. As a statistical
tool, spatial autocorrelation is most effective when operating on datasets which exhibit a consistent
spatial pattern across the entire study area (Legendre & Fortin, 1989), which is virtually impossible to
achieve in a constantly evolving database of a discontinuous spatial phenomena such as infectious
disease occurrences. Moreover, Moran’s I specifically is known to disregard local spatial dependence in
favour of global autocorrelation, which means that certain small-scale relations may remain undetected
(Getis & Ord, 2010). While these are valid points from the statistical point of view, it is important to
note that in the presented system spatial autocorrelation is used not for the purpose of statistical
analysis, but as a tool for supporting clinicians in their investigation of a disease. In this context, spatial
autocorrelation is used to detect possible spatial dependencies between groups of infections, and not to
study the nature of these dependencies in relation to the entire area of interest. Thus, the fact that some
relations may remain undetected does not discredit the dependencies that the tool has managed to
identify. As it has been shown the Results section, such a high-level approach can have its merits, given
that the results are critically analysed with the use of other available data and methods.

Conclusions

The goal of this work was to implement a novel architecture of a Web-GIS dedicated to disease
mapping and analysis. The architecture has been realized in the form of a system applied to remote
mapping and analysis of echinococcosis, and has been tested in a real-world environment by the staff
of the University Center of Maritime and Tropical Medicine located in the city of Gdynia in northern
Poland. Because the system has been designed in order to fit into the existing medical workflow, it
could be seamlessly deployed and did not require a lot of user training. According to expectations, the
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introduction of the system has helped to better organize patient records and streamlined the process of
data management.

The system has been equipped with state-of-the-art tools for EC analysis, including heat mapping,
choropleth mapping and spatial autocorrelation. Moreover, it also integrates the datasets needed for
investigating the local characteristics of EC infections, including land use and terrain height data.
Currently, none of the existing EC analysis systems are known to provide such a comprehensive
analysis toolset. In addition, the system provides an innovative way of presenting patient data,
including sex, infection type and treatment status, via the style of their map marker, which has been
generally well received by the users. This being said, while the provided analysis tools and reference
datasets enable discovery of infection trends and investigation of their causes, the results of their
application need to be critically assessed by experienced researchers, and therefore they shouldn’t be
used in a fully automated manner.

The system has been built around a novel thick-client architecture in which data analysis is performed
on a platform-independent DHTML client, minimizing the strain on the server and thus ensuring a
balanced exploitation of hospital resources. In practice, both the client and the server components have
been successfully deployed and tested on relatively old hardware, showing that the analysis algorithms
performed on the client provide acceptable performance even on a laptop manufactured in 2012.
Furthermore, the proposed architecture has been implemented in the SaaS model, allowing the system
to be centrally maintained and updated by a single administrator. At the time of writing the proposed
architecture is still unique in the realm of disease mapping systems. However, the current trends of
increasingly more interactive web-based mapping clients and constantly improving computer hardware,
combined with mentioned benefits of thick DHTML clients would indicate that such architectures will
likely become more and more common in the upcoming years.

Initial results of applying the system to analysis and mapping of EC cases in Poland have confirmed the
identification of Warmia-Mazury and Podlasie as endemic regions by prior works, and expanded upon
the current knowledge by specifically identifying a significant concentration of EC cases in the cities of
Lidzbark, Elblag and Ilawa. Narrowing down the endemic areas from Voievodship to city level may be
of vital importance, as screening endemic areas is a crucial element of EC prevention and early
diagnosis and treatment has a significant impact on the prognosis.

Future work could involve the introduction of time series plots of infection cases integrated with the
patient search mechanism, which would allow for temporal analysis of infection rates eg. for different
types of patients, locations, or disease types (CE vs AE). Moreover, integration of a data interpolation
method (eg. IDW) and development of a convenient way of sharing the results of performed analyses
between research team members would constitute a universal template for a comprehensive and cost-
effective tool for analysis and mapping of various types of diseases.
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