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A B S T R A C T

Standardised by the World Health Organisation (WHO), Verbal Autopsy (VA) is a research
survey-based tool widely used to interview relatives, caregivers, friends or witnesses of
the deceased to collect data related to the dead in order to determine causes of death in
areas where there is no medical record or formal medical attention given and deaths are
not recorded routinely. In the past, the findings of the probable cause of death is usually
done using the Physician Certified VA (PCVA) method where a team of physicians were
used to interpret VA data in order to assign causes of death. However, this method is very
time consuming and expensive in term of resources consumption. This has necessitated
the need for practitioners to seek other alternate methods of determining Causes of Death
(CoD). Among the several methods of collecting and analysing VA datasets, the Tariff and
InterVA-4 are most widely used because they are recognised by WHO and International
Network for the Demographic Evaluation of Population and Their Health (INDEPTH)
Network for their and Demographic Surveillance System (HDSS) sites. The InterVA-4 is
a standardised WHO verbal autopsy software used to interpret death related datasets. In
this work, we have addressed some data management challenges associated with VA and
InterVA-4. Among such challenges is the iterative and continual change of the WHO VA
questionnaire (2007, 2012, and 2014). These set of changes come in two folds; the first
changes made to the original verbal autopsy instrument by WHO to get a new version.
The second usually results from each INDEPTH site adapting instrument for their HDSS
area realities. Although these datasets contain spatial information such as global position-
ing system coordinates, the visualisation on maps of the distribution of causes of death
from the verbal autopsy datasets is still lacking in the literature. In this project, we seek
to fill these gaps by developing a data model(an abstract model that organizes elements
of data and standardizes how they relate to one another and to properties of the real
world entities) and platform for VA based on model-driven(used mostly in software de-
sign) and meta-data architectures(data about data structure and organisation). We also
implemented a geographic information system (GIS) layer that allows display on maps
the causes of death from verbal autopsy datasets in the demographic surveillance area
(DSA). The tool will enable research scientist to better understand the patterns of causes
of death in HDSS sites and aid in accurate analysis of VA datasets.

v



A C K N O W L E D G M E N T S

I am eternally grateful to God, my creator for giving me the intellect, motivation, passion
and ability to strive for better things. While a completed dissertation or research report
bears the single name of the student, the process that leads to its completion is always ac-
complished through the support and help of many individuals and organisations. I would
like to extend my sincere thanks to all of them. I am highly indebted to my supervisors,
Dr. Gideon Nimako and Mrs. Irma Mare for their guidance and constant supervision as
well as providing necessary information regarding the project and also for their support
in completing the project.

I would like to express my gratitude towards INDEPTH NETWORK for the scholarship
to enable me to undergo this Master programme at the University of the Witwatersrand
of Johannesburg in South Africa. I would like to express my special gratitude and thanks
to the Institut Supérieur des Sciences de la Population of Université Ouaga I Pr Joseph
KI-ZERBO in Burkina Faso for allowing me to undertake my internship in this prestigious
regional and international research centre in Burkina Faso. My thanks and appreciations
also go to my wife Mme Kombassere/Dombwa S. Bertille for her understanding and
support, and my colleagues in developing the project and the people who willingly helped
me out with their efforts.

vi



C O N T E N T S

declaration iii
dedication iv
abstract v
acknowledgments vi
acronyms ix
List of Figures xi
List of Tables xii
1 introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Main Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Outline of Research Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 background and related work 7

3 software development 13

3.1 Metadata Development Model . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.1 Auto-Configuration and Modification of Relational Model using Meta-
data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.1.2 User Interfaces Generated from Database Metadata . . . . . . . . . . 19

3.2 Open Data Kit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3 Visualising cause of death of Verbal Autopsy Datasets . . . . . . . . . . . . 24

4 platform for verbal autopsy 26

4.1 Prototype Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.1.1 High Level Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.2 Overview of the Verbal Autopsy Data Management Platform . . . . . . . . 28

4.2.1 Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.2.2 VA Form Generation and Data Entry . . . . . . . . . . . . . . . . . . 29

4.2.3 Interpretation of Verbal Autopsy Data . . . . . . . . . . . . . . . . . . 32

4.3 Probabilistic Causes of Death (CoD) Derivation . . . . . . . . . . . . . . . . . 35

4.4 Geographic Information System (GIS) Layer . . . . . . . . . . . . . . . . . . 39

4.4.1 Integrating VA Datasets with Google Map Application Program In-
terface (API) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.4.2 Ethical Consideration of Displaying CoD on Maps . . . . . . . . . . . 41

4.5 Limitations of the VA Data Management Platform . . . . . . . . . . . . . . . 42

5 implementation and testing 44

5.1 Experimental Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.2 Data Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.3 Experimental Outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.3.1 Experiments Conducted . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.3.2 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6 operational use considerations 49

6.1 Differences among HDSS Sites . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.2 Operational Use Considerations for HDSS Sites . . . . . . . . . . . . . . . . 50

vii



contents viii

6.2.1 Recommendations for Deployment and Usage . . . . . . . . . . . . . 51

7 conclusion and future directions 52

a use case description and verbal autopsy instrument 54

a.1 Use Case Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

a.2 Verbal Autopsy Instrument and Relational Model . . . . . . . . . . . . . . . 55

b data dictionary 57

c plagiarism declaration 66

d ethics clearance certificate 67

bibliography 68



A C R O N Y M S

ASP.NET Active Server Page

ANSI American National Standards Institute

API Application Program Interface

ANN Artificial Neural Network

CAPI Computer-Assisted Personal Interviewing

CCVA Computerised Coding of Verbal Autopsy

CSMF Causes-Specific Mortality Fraction

CRF Case Report Form

CSPro Census and Survey Processing System

CSV Comma Separated Value

CoD Causes of Death

DBMS DataBase Management System

DDI Data Documentation Initiative

DSA Demographical Surveillance Area

DIF Directory Interchange Format

GIS Geographical Information System

GPS Global Positioning System

GCP Good Clinical Practise

GUI Graphical User Interface

HDSS Health and Demographic Surveillance System

HDSA Health and Demographic Surveillance Area

HREC Human Research Ethical Committee

HTML HyperTexte Markup Language

FGDC Federal Geographic Data Committee

ICT Information and Communication Technologies

ICD International Classification of Diseases

ix



INDEPTH International Network for the Demographic Evaluation of Populations and
their Health

IHME Institute for Heath Metrics and Evaluation

InterVA Interpretation of Verbal Autopsy

ISO International Organisation for Standardisation

JSON JavaScript Object Notation

KL King-Lu

MSSQL Microsoft SQL Server

MIVA Mobile InterVA

NISO National Information Standards Organisation

ODK Open Data Kit

OpenHDS Open Health Demographic System

ORM Object-Relational Mapping

PHMRC Population Health Metrics Research Consortium

RDBMS Relational Database Management System

RDF Resource Description Framework

RDM Reference Data Model

REDCap Research Electronic Data Capture

RST Relational Schema Tier

RSP Relational Schema Protocol

RSM Relational Schema Model

SGML Standard Generalised Markup Language

SQL Structured Query Language

SSP Simplified Symptom Pattern

UI User Interface

VA Verbal Autopsy

VAS Verbal Autopsy System

XML eXtensible Mark-up Language

XHTML Extensible HyperTexte Markup Language

WHO World Health Organisation

x



List of Figures xi

W3C World Wide Web Consortium

L I S T O F F I G U R E S

Figure 3.1 Architecture of the Proposed Approach (From [25] with some adap-
tations) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

Figure 3.2 Metadata Driven Process Flow . . . . . . . . . . . . . . . . . . . . . 22

Figure 3.3 Generic Metadata Structure . . . . . . . . . . . . . . . . . . . . . . . 23

Figure 4.1 Use Case Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Figure 4.2 Architecture of Verbal Autopsy System (VAS) . . . . . . . . . . . . . 30

Figure 4.3 Questions Metadata Entry Form extract. . . . . . . . . . . . . . . . . 31

Figure 4.4 An Extract of Verbal Autopsy Data Interpretation Result . . . . . . 34

Figure 4.5 An Extract of Cause-Specific Mortality Fraction and the Probability
of the CoD Distribution. . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Figure 4.6 Population of CoD distribution . . . . . . . . . . . . . . . . . . . . . 36

Figure 4.7 Causes of Death Distribution from Communicable Disease in a For-
mal Area (Tanghin) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Figure 4.8 Causes of Death Distribution from Communicable Disease in a In-
formal Area (Nioko2) . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

Figure 5.1 Client-Server Software Architecture . . . . . . . . . . . . . . . . . . 45

Figure 5.2 Dodowa and Ouagadougou HDSS VA Data Integration Process. . 46

Figure 3 Use Case Description . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Figure 4 Use Case Description-Continuation . . . . . . . . . . . . . . . . . . . 55

Figure 5 Relational Database Model for the VA Data Platform . . . . . . . . 56

Figure 6 Plagiarism Declaration . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Figure 7 Ethics Clearance Certificate . . . . . . . . . . . . . . . . . . . . . . . 67



L I S T O F TA B L E S

Table 1 InterVA-4 Output Variables . . . . . . . . . . . . . . . . . . . . . . . 38

xii



1
I N T R O D U C T I O N

Less than one-third (18 million) of the 56 million annual global deaths are certified

through civil registration and up to 80 percent of deaths that occur outside of health

facilities are not recorded or counted [18]. Such as deaths occurs predominantly in devel-

oping countries. This shows that very few developing countries have functioning cause of

death information systems that they can draw on to guide policies for health programmes.

The lack of reliable data on the levels and causes of mortality in disadvantaged regions

of the world still hampers efforts to use reliable information, inference and indicators

to support health policy, planning, monitoring and evaluation. In such scenarios, most

deaths occur at home or outside of health facilities. Rather than waiting on governmen-

tal funding for well-functioning civil registration systems, most research institutions in

developing countries have resulted to Verbal Autopsy (VA) as an alternate solution.

In order to assist policy makers and world organisations in reducing mortality, re-

searchers and experts from various research centres such as Health and Demographic

Surveillance System (HDSS) sites, national sample surveillance systems centres etc., are

combining their efforts and experiences to harmonise various causes of death by data col-

lection instruments and procedures available at their centres. As a result, the World Health

Organisation (WHO) through consultation meetings with these scientists and experts have

developed three types of standardised and harmonised questionnaires to collect cause-

specific mortality data [15] specially in developing countries. These three verbal autopsy

questionnaires are used to address the needs of various users including researchers, policy

makers, donors and actors in monitoring and evaluation activities. These questionnaires

are the result of a minuscule and rigorous work on all instruments of verbal autopsy.
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introduction 2

The purpose of the three types of questionnaires is to allow the integration of differ-

ences in causes of death by constituting three age groups (under 4 weeks, 4 weeks to 14

years, and 15 years and above). Thus, the first questionnaire aims to distinguish between

stillbirths, early neonatal deaths and late neonatal deaths and to determine the causes of

these perinatal events and deaths. The purpose of the second verbal autopsy questionnaire

is to determine the main causes of post-neonatal mortality in children (starting from the

fourth week) and the causes of death that may have been recorded between this period

and the age of 14 years old. The final verbal autopsy questionnaire identifies all major

causes of death in adolescents and adults (from the age of 15 years), including deaths

related to pregnancy and childbirth. Information on the symptoms and history of the

disease in each age category are collected with the corresponding standard questionnaire

by interviewing families, friends and intimate relatives of the deceased. This systematic

approach of collection and determining the cause of death is called Verbal autopsy. Verbal

Autopsy is widely used in countries where patients are rarely examined by a doctor and

where medical records are inadequate or non-existent [15]. From 2007 to 2014, there have

been various versions of the WHO verbal autopsy instruments and the causes of death

are listed and codified based on International Classification of Diseases (ICD)-10 [29]. Al-

though these various versions exist, questionnaire could be modified and adapted to the

context and to the language by research and governmental institutions [15].

Following the collection and capture operations, the data is interpreted by at least three

doctors based on their experience, training and the International Classification of Diseases.

This mode of interpretation is referred to as PCVA! (PCVA!). However, given the chal-

lenges related to the high cost, slowness and non-repeatability of this mode of interpre-

tation, other computer aided methods such as Interpretation of Verbal Autopsy (InterVA)-

4, King-Lu (KL), Direct Causes-Specific Mortality Fraction (CSMF), estimate Tariff (Tariff),

Random Forest (RF) and the Simplified Symptom Pattern (SSP) have been developed by

some research institutions to facilitate causes of death interpretation [7]. Most HDSS sites

currently use the InterVA-4 for such automated interpretation. Although InterVA-4 gives
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satisfying results, it has some challenges in its use. The main challenge is the collection

of the VA dataset with varying versions of the WHO VA instrument versions (2007, 2012 ,

2014 ) [31]. Considering the size of the Verbal Autopsy questionnaire, some of HDSS sites

take a lot of time to readapt or update their Verbal Autopsy tools before starting the data

collection process. Due to these difficulties, some HDSS have decided not to update their

VA data collection instrument. Another problem associated with this phenomenon is that,

it is difficult to analyse VA dataset sampled over multiple years due to the inconsistencies

in the data formats and structures. In addition to these challenges, VA datasets in most re-

search institutions are usually managed in an ad hoc fashion by using spreadsheets. Thus,

from the VA data collection to its interpretation, there is no adequate data management

platform for the International Network for the Demographic Evaluation of Populations

and their Health (INDEPTH) Network sites [26]. INDEPTH Network advise the HDSS Sites

to use conventional relational database management models to manage and to maintain

the quality of the datasets over time. The quality of datasets containing an important vol-

ume of longitudinal data from dynamic cohort follow-ups such as HDSS lies in the ability

of the DataBase Management System (DBMS) to ensure that:

• the integrity and consistency of the stored data and new input data especially dates

of events and episodes whose quality defines the HDSS credibility;

• the creation of good quality control procedure of data control and validation;

• control of the execution of update processes ensuring proper authorization, control-

ling concurrent update and synchronizing update of multiple lines;

• the data manipulation and maintenance in minimizing errors on the one hand and

on the other hand to guarantee the security of some of sensitive data;

• the uniqueness of the identifiers of the individuals enlisted in the database and

in the surveillance space. Each enlisted individual should not be re-enlisted with

another identifier in the HDSS.
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1.1 motivation

The main aim of VA is to contribute to the body of knowledge of CoD and allows policy

makers and decision makers to develop appropriate strategies for healthcare programmes

and governance in countries where they lack vital statistics and medical certification [3].

In the absence of appropriate tools for VA data collection and management in Health and

Demographic Surveillance Area (HDSA), this aim may not be achieved [19]. This is neces-

sary as most developing countries have HDSS sites that conduct surveillance and collect

longitudinal data on vital health indicators. The design of effective public health poli-

cies and the measurement of their impact cannot be achieved without the registration of

deaths and documentation of causes of death. Through the WHO standard verbal autopsy

instruments (see Appendix 9.1), resource constraint countries are trying to catch up the

gap of vital statistics with the HDSS sites. It is imperative that these research centres utilise

an adequate data management platform to produce vital data which may be linked to

similar data from other HDSSs or hospital recording systems in the same country or the

region to produce more representative insight.

1.2 problem statement

The main problem being addressed in this research report lies primarily in laborious

effort required by physicians in the PCVA! mode of interpretation. Although there has

been effort to automate this process via tools such as InterVA-4, there is no data manage-

ment platform for conventional VA datasets which are predominantly Comma Separated

Value (CSV) files. The current VA data management processes in HDSS sites does not allow

for data preservation, retention assurance and does not adhere to the suggestion made by

the INDEPTH Network as well as Good Clinical Practise (GCP) [26] which is an interna-

tional ethical,scientific and practical standard for designing, conducting, recording, and
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reporting clinical research that involve the participation of human subjects. The second

problem we address in this work is the visualisation of VA datasets. Although the data

collection phase of the VA cycle collects Global Positioning System (GPS) coordinates of

the subject, there is currently no tool to visualise and display the distribution of causes

of death for a specific HDSS area in the context where some communicable diseases such

as the Cholera exist. The VA data collection process itself is predominantly paper based.

With electronic data capture penetrating in most HDSS sites, it is becoming important to

digitise the data collection process of Verbal Autopsy.

1.3 main contributions

The major contributions of this work is in the development and implementation of VA

data platform that resolves the challenge of continual version changes and adaptation of

WHO VA instruments. The main results being reported here include:

1. The implementation of a metadata driven management platform that incorporates

InterVA-4 mode of interpreting VA datasets. This tool provides the data management

utilities including the automatic interpretation of InterVA-4 datasets.

2. The implementation of an API that provides VA dataset feeds to Geographical Infor-

mation System (GIS) applications for geospatial displays and visualisation

3. The implementation of a mapping layer that translate the metadata corresponding

to the VA Case Report Form (CRF) oCRFnto Open Data Kit (ODK) eXtensible Mark-up

Language (XML) data dictionary. Based on ODK’s ability in data interchanging and

experiences in managing metadata in the .NET environment, XML has been retained

in this project to the detriment of JavaScript Object Notation (JSON). This feature

enables offline VA data capture using mobiles and handheld devices in the HDSA

without connectivity.
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1.4 outline of research report

The remainder of this report is organised as follows. In Chapter 2, we present the back-

ground and the related work. In the Chapter 3 we describe the metadata driven data

systems module. Chapter 4 gives the metadata driven platform for verbal autopsy im-

plemented in this project. Chapter 5 describes the experimental setup and the evaluation

of the module. In Chapter 6 we give some considerations for the operational use of the

platform and finally, we give the conclusion and future direction in Chapter 7.



2
B A C K G R O U N D A N D R E L AT E D W O R K

Most deaths without registration or certification occur in developing countries [23] and is

usually attributed to the inaccessibility of health facilities by the population and certain

cultural considerations [19]. This has resulted in the emergence of verbal autopsy, which

attempts to determine causes of death for previously undocumented deceased, allow-

ing scientists to analyse disease patterns and direct public health policy decisions. This

method determines the causes of death and cause-specific mortality proportions in pop-

ulations without a complete vital registration system. Data obtained from verbal autopsy

comes in the form of a set of binary indicators that indicates whether an event happens or

not. The process consists of a trained interviewer using the full or an adapted WHO stan-

dardised questionnaire to collect information about the signs and symptoms of events of

the deceased person from his next of kin or other caregivers [10]. Then the conditional

probability for each cause of death could be analysed or estimated.

Since 2007, VA dataset collected using WHO Verbal Autopsy instrument has being anal-

ysed by health professionals who assign manually a probable cause of death. This analysis

method (known as the PCVA!) utilises the International Classification of Diseases deceases

list, to assign the most probable cause of death to each case [15]. However the lack of

reproducibility, the slowness and the expensive cost associated with this method has led

to the computerisation of VA analysis process [5]. Thus, the WHO verbal autopsy instru-

ment has undergone two revisions (2012, 2014) since 2007 to facilitate the use of publicly

available analytical software to assign causes of death and to take into account the needs

and recommendations of some professionals. These revisions also facilitate the adapta-

tion of the questions to local context and integration. The computerisation of the verbal

7
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autopsy data collection, interpretation and management process appear to be a challenge

after the validation of the verbal autopsy questionnaire as an international standardised

instrument [31]. Among Computerised Coding of Verbal Autopsy (CCVA) methods for

interpreting VA data, there are on one hand algorithmic methods which follow a set of

predefined diagnostic criteria giving binary outcomes (yes or no) for a single cause of

death and on other hand probabilistic groups which can give the probability of multi-

ple causes of death from a death. Among these computational interpretation methods

are InterVA-4 method, King-Lu (KL) direct algorithm, Tariff method, Random Forest (RF),

Artificial Neural Network (ANN) and the SSP etc.

Based on the ICD list as reference, these computational interpretation methods have

been developed [7, 9] with the goal of facilitating causes of death interpretation. Among

these tools, WHO recognises Tariff and InterVA-4 as analytical tools to the interpretation

of VA data. Tariff [13], developed by the Population Health Metrics Research Consortium,

is an additive algorithm that uses Tariff scores reflecting the importance and uniqueness

of each symptom to each cause of death. InterVA-4 [5] is the most popular algorithm for

assigning Causes of Death (CoDs) from VA data. It was developed by Umeå Centre for

Global Health Research and it applies conditional probabilities of Bayesian probabilistic

methods to a matrix of causes of death values and experts’ opinion. The WHO standard

verbal autopsy 2007 version has been adapted and standardised by the INDEPTH Net-

work called INDEPTH Standardised Verbal Autopsy Questionnaire and others research cen-

tres such as Institute for Institute for Heath Metrics and Evaluation (IHME) in United States

have shortened the VA questionnaire and adapted it to the local context [14, 21] through

their Population Health Metrics Research Consortium (PHMRC), composed by several in-

stitutions in the world. Causes of death data in most of HDSS centres are traditionally

recorded on an INDEPTH Standardised Verbal Autopsy paper-based questionnaire. Most

sites have been updating their questionnaires in view of the demand of the 2014 WHO

VA standard. Based on their customised and adapted VA questionnaire, the PHMRC have

developed a verbal autopsy data collection and interpretation tool called Tariff. This tool
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is not used by most of INDEPTH Network sites because their adapted VA questionnaire

is different from the one recommended by INDEPTH.

Agincourt HDSS in South Africa has started computerising the data collection of causes

of death using their adapted Verbal Autopsy questionnaire with mobile phones [27] to al-

low for the Computer-Assisted Personal Interviewing (CAPI) method. This computerised

tool, (called Mobile InterVA (MIVA)) [27], does not permit the dynamic creation of VA ques-

tionnaire forms which can accommodate frequent changes and the local adaptability of

WHO VA questionnaire. It also does not have any visualisation utility to display the distri-

bution of causes of death on maps. The tool does not provide automatic causes of death

interpretations and does not use the data model suggested by the INDEPTH Network.

According to the InterVA-4 and Tariff documentations, the input data to allow causes of

death interpretation must be in CSV format. As a result, most research centres stores VA

data in CSV format. This does not allow preservation of the contextual metadata and also

does not support recovery. That is why in the longitudinal studies with a dynamic cohort,

such as the HDSS, the Reference Data Model (RDM) [4] is recommended by INDEPTH Net-

work to manipulate, manage and preserve the quality of the data collected over extended

periods of time [26] in a defined area.

All research centres that are engaged in longitudinal data collection on population have

the common demographic core structures and processes. This core structure is based

on the entry and/or exit of the individuals in the HDSS defined geographical area. In

the monitoring of the presence of these individuals, HDSS need to keep the data of its

population whose composition varies by birth, death and migration. In addition, in order

to be able to manage the operation in the field and the cleaning of the routine data, the

place, the author and the date of the collected events must be kept. One of the other big

challenges is the management of dates which is one of the fundamental data element of

the HDSS data for credibility and quality assurance. There must be a strong consistency

between dates of events and episodes [20] in HDSS data. An event is a fact that indicates a

change in the state of an individual enlisted and followed in the defined surveillance area
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of an HDSS. Among these events, there are deaths, births,in and out migrations, changes in

marital status. While episodes are significant and identifiable segments or time intervals in

an individual that begin and end with events. As an illustration, the life of an individual,

can be taken as an episode that began with his birth and ended with his death. The

design of a database for an HDSS is enamelled by numerous difficulties in view of all these

complex requirements. Given these difficulties, a reference data model has been designed

under the leadership of INDEPTH Network to assist HDSS sites in their database design

and the exchange of data. This should be recommended as integral to the reference model.

INDEPTH encourages best practices for data management by using this reference data

model based on the relational database model and incorporating it into a HDSS ‘resource

kit’ available on their website [22]. The database design of most HDSS is based on this

reference model. However, this is static model although it allows for a consistent data

system. This makes it difficult to add new tables to the reference model. The lack of

proven technical skills in the database design for the implementation of these types of

operations could also have a negative impact on the quality of the data in general. If it is

true that the basis for obtaining quality data lies in the quality of the datasets entered by

field workers, the development of data entry screens is also a fundamental element in the

data management life cycle.

This good practice of data entry form design has an impact on the HDSS database design

and data store through the data reference model. The limitations of the data reference

model proposed by INDEPTH for HDSS comes from taking this good practice into account.

Given that all research centres that perform longitudinal surveillance on a population

have a common demographic core structure, a certain number of data classes or response

modalities that have many homonyms and/or synonyms could be taken into account by

this reference data model.

Prior to the development of Open Health Demographic System (OpenHDS), these com-

mon data classes were not taken into account in the HDSS databases design. They were

hard-coded in the development of the longitudinal data collection tools of HDSS. Verbal
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autopsy questions can change according to the researchers needs (addition or suppression

of response modalities) and some local specificities (local languages, local ethics settings

and behaviours). These changes are made manually and are not usually recorded or kept

within the HDSS database or any other database to allow track changes. As a result, the

goal of creating a standardised model for data sharing within the INDEPTH Network

and helping research centres to develop accurate and reusable software [4] is not well

achieved. Given these insufficiencies, the data models used vary from one site of the IN-

DEPTH Network to another with practices that do not guarantee the quality of the data.

However, one thing is to take into account these best practices in the data reference model,

but another is to propose a flexible model that would really allow data managers to de-

velop a precise and reusable dynamic system for all the INDEPTH Network sites. This has

inspired the use of OpenHDS [12] which has a flexible and metadata driven model based

the static INDEPTH reference data model. It is a precise but dynamic platform allowing

each HDSS to adapt it to these data management challenges. Although OpenHDS has an

integrated form generation utility for the verbal autopsy data collection, it does not have

tools for the interpretation of these dataset. It also does not have utilities that allows the

geospatial visualisation of the distribution of cause of death. Hence the importance of

this research project, which entails the implementation of this dynamic data management

module for VA data management based on the standard VA instruments and InterVA-4

model. This platform caters for the frequent changes and the local adaptability of WHO

VA questionnaires.

The related works presented in this chapter shows that there is a paucity of tools al-

lowing data capture form generation for verbal autopsy data capture in the INDEPTH

Network research centres. In a context where epidemics such as the cholera has caused

many deaths, there is a need for verbal autopsy tool to provide instruments which can

automatically identify causes of death, their location and the population at risk around

that location. Our tool enables data capture form generation, verbal autopsy data inter-

pretation using InterVA-4, the visualisation of the location of the diseases and distribution
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of CoD. This tool is an effort that will allow researchers and policy makers to plan and de-

sign appropriate intervention programmes to curb communicable and non-communicable

diseases in resource limited communities.



3
S O F T WA R E D E V E L O P M E N T

The advent of the internet has fundamentally changed the tools in daily activities and

has also driven emergence of web applications. Most of these applications have backend

relational database or key-value stores. In recent years, there has been increased demand

for applications that allow modification of the underlying data structures with no pro-

gramming effort. Users may perform actions that result in redefining the underlying

schema [14]. This requires data systems that enable schema alteration in real-time, i.e.

without recompiling the application. As such there is a need for new system development

techniques for data applications. In this work, we employ a metadata-driven approach

to relational database design as a solution to this problem. These new techniques and

approaches to data system designs reduce the time and effort the developers spend on

programming during system upgrades and updates [28].

Metadata is data about data or information about information. It summarises basic

information about a dataset, which enables working with particular instances of data

easier. Metadata is defined by the National Information Standards Organisation (NISO) as

a "structured information that describes, explains, locates, or otherwise makes it easier to

retrieve, use, or manage an information resource" [11]. Metadata describes the properties

and capabilities of connections between different types of information in a particular

application domain such as applications, databases, or a simple processing engine.

The various types of metadata include descriptive metadata, structural metadata and

administrative metadata. Metadata is used for describing formal schemes of resources

that allows the searching of resource items through keyword criteria and regrouping of

the location of different resources. Most metadata schemes or syntaxes are expressed in

13
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a number of different markup or programming languages such as HyperTexte Markup

Language (HTML), XML, etc., each of which requires a different syntax to structure the

metadata content. Nowadays, most metadata syntax is defined in XML. In the major DBMS,

metadata is usually described as names, sizes, and other properties of database objects

like tables, columns, primary key, foreign key references, data types, etc.

With the technology evolution, International standards such as American National Stan-

dards Institute (ANSI) and International Organisation for Standardisation (ISO) have been

created and applied to metadata to reach consensus on standardising metadata. Thus,

many current schemes use Standard Generalised Markup Language (SGML) or XML to cre-

ate the metadata content. Based on SGML, many different metadata standards schemes

have been developed across disciplines, including the Data Documentation Initiative (DDI),

the Dublin Core , the Directory Interchange Format (DIF),EBUCore metadata,the Resource

Description Framework (RDF) and the Federal Geographic Data Committee (FGDC) . Wit-

ten in XML by the membership-based Alliance, the DDI is a widely used, international stan-

dard for describing data from the social, behavioural, and economic sciences. The Dublin

Core, sponsored by the Dublin Core Metadata Initiative and published as ISO Standard, is

a basic, domain-agnostic standard which can be easily understood and implemented, and

as such is one of the best known and most widely used metadata standards. Sponsored by

the Global Change Master Directory and defined as a World Wide Web Consortium (W3C)

XML Schema, the DIF is an early metadata initiative from the Earth sciences community,

intended for the description of scientific data sets. Adapted to audio-visual content, EBU-

Core is a set of descriptive and technical metadata based on the Dublin Core. Although

not a standard, Microformat is a web-based approach to semantic markup which seeks to

re-use existing HTML/Extensible HyperTexte Markup Language (XHTML) tags to convey

metadata. While the FGDC is a metadata standard developed to determine the robustness,

the method of accessing, and successful transfer of geospatial resources. Developed under

the auspices of the World Wide Web Consortium the RDF is an infrastructure that enables
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the encoding, exchange and reuse of structured metadata based on the application of

XML.

Used within the computer science community, metadata served in recent health re-

search software development such as Research Electronic Data Capture (REDCap), Census

and Survey Processing System (CSPro), ODK etc. Metadata driven applications are vital in

scenarios that requires dynamic content generation such as VA questionnaire CRF. For in-

stance, with such design, data managers can control all the rich behaviour of form fields,

including formatting, validation, visibility, User Interface (UI) type (drop-down vs text

field vs radio buttons, etc.). It also allows single application models to generate many

different variations based on data structures that are defined at runtime in a database

containing metadata which describes the fields of the application. CRFs and other UIs are

not programmed but are automatically generated, based on metadata stored in a database,

including variable name, variable type, question prompt etc. Changes or additions to gen-

erated forms are managed in metadata through the database. Thus, instead of repeatedly

developing the same type of form or interface for web application with similar needs,

there is only one program that works on different sets of metadata for different users.

Since metadata is also data, it is easier to manage form creation elements stored as data

in the application relational database than to manage source code for web application

programs.

We utilised such a metadata driven development model to enable the re-adaptability

of the autopsy verbal questionnaires in HDSS research centres. The use of the metadata

data modelling facilitates the changes of the CRFs, without each adaptation or change of

the different verbal autopsy questionnaire requiring modification of source codes. This

made it possible to recreate or make the necessary modifications in the creation of the

VA forms without any modification in the application layer. Our solution achieved more

than tools such as REDCap, ODK, CSPro etc. could have, as it managed the dynamic modes

of VA CRFs as well as the interpretation and visualisation of verbal Autopsy datasets. In

addition, our tool has utilities that allows the use of mobile technologies. Primarily this
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utility translates the generated HTML form to XForm format. This XForm format is then

used by ODK Collect for offline or online Verbal Autopsy data collection using mobile and

handheld devices.

3.1 metadata development model

The evolution of Internet-related technologies and the exponential use of all its tools have

forced most web application infrastructure providers to frequently update and maintain

their products in order to remain competitive in an aggressively evolving technological

environment. These frequent updates and maintenance actions lead to a significant in-

crease in the cost of web applications development. In addition, the development of soft-

ware multitenancy is much more complex than single client applications, requiring highly

skilled software developers and increased development lead times. As such, application

developers are recently increasingly using the metadata driven approach as a solution

to automatically and dynamically generate Graphical User Interface (GUI) and relational

database schema that meet user demands. This reduces work effort, cost and time of

application development and increases the independence of users and developers. From

the literature, the approaches developed to generate on the fly graphical user interfaces

and database schema can be summarised in two main approaches: The first approach is

the model where graphical user interfaces are generated from metadata stored within a

database; the second one concerns the approach where metadata information is captured

using the user interface to automatically create and/or update database table information

on the fly. However, before giving more details on these two approaches, it is important

to describe metadata in detail.
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3.1.1 Auto-Configuration and Modification of Relational Model using Metadata

From relational databases to object databases, Structured Query Language (SQL) has re-

mained the common language for querying database management systems. The use of

this language, which is mainly used for the definition and manipulation of data into

databases, requires the knowledge of the relational schema of the database. The database

structure is described by metadata tables which include the four essential elements re-

quired to represent a data model: table names, field names, field data types, and linkages

among the tables. The link definition requires two fields to specify both the linked table

and the linked field within the table. The metadata table also stores descriptive informa-

tion that helps the user to understand the meaning and appropriate use of each data field

in the data dictionary(See Appendix ).

Since relational schemas are usually customised for application logic, the data model

evolution involves either redefining the SQL queries through hard-coding during the devel-

opment/maintenance of the application, or regenerating it using a rational or an Object-

Relational Mapping (ORM) tool. All the modules or codes of the concerned applications

which are in interaction must be implemented and compiled again. The user is usually

subject to the whims and requirements of the developer or supplier of the database. Such

maintenance or upgrades can be time consuming because in certain scenarios, it is neces-

sary to stop the database in production for the adjustments of the schema. In other cases,

the adjustment operation of the current relational schema might not be possible if it has

already undergone many adjustments, making it unusable.

In order to avoid recompiling or rewriting source code when upgrading or updating

relational schemas, an application must be able to retrieve database schema information

in order to automatically generate or update SQL queries into the current application. The

weakness of the metadata of the relational schema resulting from the views of the DBMSs’s

information system , the inextensibility of this relational schema and its incompatibility
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from one DBMS to another among others, present some challenges [25] in the implemen-

tation of the solution of this project. It is almost impossible to map database tables to

the internal classes and objects of the DBMS’s information system relational schema at the

application level to allow the automatic generation of the user interface from the existing

relational schema [25]. Facing to these challenges, Msgr. Vojtěch Přehnal proposed an al-

ternative solution through a new relational database metadata model that would facilitate

automated management of relational schemes [25]. In addition to this schema, a new com-

munication protocol has been developed to allow remote and independent procedure calls

between the relational schema and the user application [25]. The implementation of these

new tools and techniques allows the representation and storage of relational metadata,

the exploration of the relational schema and the exchange of data and metadata. Based

on the standard (existing) relational metadata model, the revised structure of the new

model that contains additional metadata for relational schema localisation, data visualisa-

tion and validation allows for more efficient processing of metadata from the information

schema of databases.

In the proposed model presented in [25], relational metadata is stored in regular database

tables instead of being extracted directly from the database engine information schema

views. In addition, access to the database cannot be done using SQL commands, but

through a proposed Relational Schema Tier (RST). The exchange of relational data and

metadata is done with this level through the proposed Relational Schema Protocol (RSP),

and according to metadata changes this level automatically changes the relational schema.

Figure 3.1 illustrates the proposed approach where the Relational Schema Model (RSM)

represents relational metadata. Instead of being extracted from the information schema of

the database engine, these relational metadata are stored directly in the regular database

tables which are accessible using a new software tier called RST and not through SQL

commands. This allows the realisation of exchange using XMLlanguage between the rela-
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Figure 3.1: Architecture of the Proposed Approach (From [25] with some adaptations)

tional data and the metadata and favours, according to changes of metadata, an automatic

modification of the relational schema.

3.1.2 User Interfaces Generated from Database Metadata

This approach allows the end user to automatically generate and dynamically manage

user interfaces from the database without any script or coding. Given the changing needs

of users in the use of Internet services, dynamic interaction between databases and the

web resources has become the cornerstone of web application development. The varia-

tion of needs from one client to another requires interfaces that are extensible. The UI

business logic of client-side may also need customisation based on individual end-user

needs. A data entry form as user interface might also be different from user to another

user. This may include fields and controls position, field’s type linked to data type, etc.

Client-side business logic customisation also includes customising validation rules, chang-

ing control properties, and other modifications. Developing user interfaces from scratch

or based on existing applications make web application user interface development as a

waste of resources that could be better spent on others domains. Hence the emergence

of techniques that enable the extension or customisation of web applications according to

new needs. Most applications solve this problem by storing customisable items such as
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UI layout, questionnaire fields and client-side business logic as metadata in a repository.

The metadata can then be interpreted by a run-time engine to automatically and dynam-

ically generate and display the form or screen to end-users and to execute the client-side

business logic when the user performs an action on the screen.

The benefits of this approach in threefold: 1) There is an absence of a recompilation

of the application code and the redeployment of components on the presentation layer

because the customisation is done in a central repository; 2) It only requires a very light

client installation by deploying only the runtime on the client machine; 3) In addition to

reducing the time and cost, and allowing an application sharing to multiple users, this

approach permits users who have basic computer skills and no skills in application coding

to be able to integrate their new needs without typing any code.

The implementation of metadata driven user interfaces requires three design elements.

The first is to design the metadata relational schemas and decide on the repository stor-

age mechanism. Repository storage could be a Relational Database Management Sys-

tem (RDBMS) such as Microsoft SQL Server (MSSQL), as is the case in this project, or any

other data store format such as XML files.

In Figure 2, the metadata driven process schema and overview of the design process are

presented. The designer designs and develops a graphical user interface through metadata

tags that are stored in the relational database and which allow the end user to dynamically

create and automatically generate a user interface by using web APIs. The main data used

to create and generate the user interfaces as well as the data entered with the generated

interface are stored in a single database.

Figure 3 shows an arrangement of the relationships between the tables in the relational

database as well as the raw data of the dynamic and automatic user interface generation

project. The four examples of tables in this schema show the association of these tables.

The first table stores the data for each user interface project created by the end user. Several

objects can be related to a project. Each row of these objects in the object or content table

can contain multiple controls such as text fields, combo boxes, radio buttons etc. This
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diagram gives an overview of what might be a relational database schema for setting

up a metadata driven application for automatic user interfaces generation from database

metadata.
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Figure 3.2: Metadata Driven Process Flow
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Figure 3.3: Generic Metadata Structure
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3.2 open data kit

Over the last decades, advances in Information and Communication Technologies (ICT)

have transformed the way we create, retrieve, update, and delete information. However,

much of the world do not benefit of these technological advancements. As such there has

been a push from development agencies to apply evidence-based development in tech-

nology. To address technological challenges faced by researchers in developing countries,

ODK [1], a modular, extensible, and open-source suite of tools designed to empower users

to build mobile information services was developed.

ODK enables fast and efficient online or offline data collection on mobile devices and let

users own, visualise, and share data without the difficulties of setting up and maintaining

servers. ODK currently consists of four utility tools namely Collect, Aggregate, Voice, and

Build. ODK Collect is a mobile platform that renders complex application logic and sup-

ports the manipulation of data types that include text, location, images, audio, video, and

bar-codes. ODK Aggregate provides a click-to-deploy service that supports data upload,

storage and transfer in the cloud as well as on local servers. ODK Voice renders application

logic using automated phone prompts that users respond to with keypad presses. Finally,

ODK Build is a drag-and-drop application designer that generates the logic used by the

tools.

It is anticipated that the translation of the form generated by our module to ODK will

aid HDSS sites to be more efficient in VA data capture and its interpretation. Currently ODK

is being used in major HDSS sites for other cohort studies.

3.3 visualising cause of death of verbal autopsy datasets

Public health is a growing field that is in recent time using GIS for research applications.

GIS offers healthcare professionals the ability to identify health related trends and more
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thoroughly target health interventions based on locality. With the use of geography and

other inputs as well as requisite mathematical models, GIS can identify where diseases are

most likely to spread next [16]. In field-based epidemiology, surveillance data collected

usually contain geographical coordinates that can be used for spatial modelling [24]. For

HDSS sites, GIS can aid in improving the public health surveillance and monitoring of

diseases as well as facilitating decisions making and interventions. GIS in public health

is usually associated with three main epidemiological variables, namely time, personal

identifier and place. The place (usually GPS coordinates) has always been the most difficult

to analyse and interpret [2]. Although the use of GIS in the public health sector faces

some obstacles such as the protection of privacy and confidentiality, the capabilities of

GIS to link spatial datasets to disease spread/trends offers significant and direct benefits

to populations at risk. The realisation of this possibility at research institutions where

longitudinal surveillance data as well as VA data are collected over time can contribute and

strengthen epidemiological research and also improve the dissemination of data through

visualisation to facilitate decisions making and interventions.

Africa has more than 44 HDSS sites according to the INDEPTH network [30]. Most of the

studies on VA datasets compare PCVA! and computerised methods in verbal autopsy data

interpretation, and attempts to identify risk factors for leading causes of death without

taking into account the place where these causes of death can be found [5, 27] . We

implemented a visualisation layer on top of our VA data management platform to address

this gap.
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P L AT F O R M F O R V E R B A L A U T O P S Y

In this chapter, we give a description of the data repository platform for verbal autopsy

based on metadata driven system design and development. We outline a scope of the

system as well as some ethical considerations.

4.1 prototype design

The main component of our platform is based on the implementation of the metadata

design frameworks presented in Section 3.1. This system replaced the ad-hoc tools used by

most HDSS sites for verbal autopsy data capture and interpretation. All the processes, from

data collection or entry, interpretation and management, are done using one platform.

We first give an overview of how we employ metadata driven development methodology

described in Section 3.1 to implement this platform.

4.1.1 High Level Design

Figure 4.1 illustrate the use-case diagram of our platform. This diagram is composed of

five use cases:

1. Create Data Entry Form allows any user to create his own data entry form for Ver-

bal Autopsy questionnaire through an entry utility that receives the questionnaire

metadata.

26
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2. Display Causes of Death Repartition permits any user to request to the system the

distribution of causes of death by verbal autopsy death broad categories (Commu-

nicable, non-communicable and injuries diseases) of the HDSS area

3. Find Probable Causes of Death allows the user to get the probable CoD results and

interpretation

4. Entry Verbal Autopsy Death describes the processes of the verbal autopsy data entry

based on the data collected on the reasons related to the death. The entered data are

interpreted using the use case 2. Find Probable Causes of Death.

5. User Authentication explains the user connection to the system during the use or

running of one of the use cases. The Appendix A.1 gives more details on theses use

cases.

Figure 4.1: Use Case Diagram
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Based on these use case actions and the generic metadata structure, a relational database

model (see Appendix A.2) and an architecture has been created and presented in this

report to give an overview of the system.

4.2 overview of the verbal autopsy data management platform

4.2.1 Architecture

The architecture gives a description of five main components which have been imple-

mented in the platform. The first component deals with Verbal Autopsy data collection

instrument generation and the second allows Verbal Autopsy entry whiles the third (ODK

data dictionary) component handles the translation of the CRFs forms to ODK formats.

The fourth component manages the interpretation of the verbal autopsy entered data

using InterVA-4 algorithm which are based on Bayes’ theorem [5]. The final component

displays the CoD distributions grouped according to the cause of death board on maps. In

Figure 5, we use the green rectangles to denote these functionalities and components. The

last part of this architecture concerns the deliverables of the platform to the end users.

These deliverables of the module comprise of maps, basic statistics, CoD interpretation

and data ready for statistical analysis in viewable and exportable formats like png or csv.

Based on this architecture below, a platform has been implemented to allow verbal au-

topsy data management and interpretation on a unique area for health and demographic

surveillance sites.
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4.2.2 VA Form Generation and Data Entry

Verbal autopsy questionnaire has 3 components: Adult, Child, and Perinatal. The questions’

variables are already codified by the WHO group experts. Considered metadata, most VA

questionnaire questions have codes in the following format: 3A260, 3A270 and 3A280, etc.
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Figure 4.2: Architecture of VAS



4.2 overview of the verbal autopsy data management platform 31

Each code corresponds to a question on the VA questionnaire. In situations where a

question item has more than one answer, its code is indexed such as 3A260A, 3A260B, etc.

The set of questions from all autopsy verbal questionnaires are organised and coded in

chronological order. That is, when a question is repeated in the three types of question-

naire, this question has the same code everywhere.

In the process of generating forms through this platform, the user must use the existing

codes of verbal autopsy questions and upload them through a form dedicated to the

entries of metadata (see Figure 4.3). A RenderHtml() function takes as arguments the

codes in addition to other metadata such as question answer types, question labels etc., to

automatically generate the form for entering verbal autopsy data. This function returns a

string containing all of the form’s html codes or tags. The code from the generated form is

in XHTML format. The translation of this XHTML format to XML allows compatibility with

XForm to be accepted by ODK Collect API.

Figure 4.3: Questions Metadata Entry Form extract.

The 246 variables of the InterVA-4 matrix are extracted from the verbal autopsy data

entered through the platform. Since the verbal autopsy variables are not identical to the

variables of the InterVA-4 matrix, the InterVA-4 User Guide (version 4.RC1 2012-08-14) was
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used as a reference to automatically map these two variables set. The InterVA-4 matrix

is also composed of questions from the three types of verbal autopsy questionnaire with

much more precision on the types of responses. So, all the variables in the InterVA-4 matrix

are closely related to all the questions emanating from the three types of autopsy verbal

questionnaire. This has been taken into account in the codification of the verbal autopsy

questions, in order to facilitate the link between the questions of verbal autopsy and those

of InterVA-4. As a result, the three types of autopsy verbal questionnaire have been coded

in a single, coherent order to save time needed for data extraction.

4.2.3 Interpretation of Verbal Autopsy Data

The VA data interpretation precedes the cleaning of these data. This cleaning processes

are managed by stored procedures based on predefined logic. Once the data is cleaned,

the VA data interpretation can start using the cleaned data with InterVA-4 function of R.

The InterVA-4 function takes as input the VA data as matrix and other specified model pa-

rameters. The InterVA-4 function which is written in R has been converted through R.NET

to allow its use with .NET code. Thus, this function of R used in this project through

R.NET is:
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1: procedure INTERVAFUNCTION

2: HIV← ’0’

3: Malaria← ’1’

4: directory← dirPath

5: filename← ’2’

6: output← ’3’

7: append← FALSE

8: groupcode← FALSE

9: replicate← FALSE

10: if filename = path then

11: VAOUTPUT← InterVA(HIV, Malaria, directory, filename, output,

append, groupcode, replicate).

12: stringformat← string.Format(VAOUTPUT, hivp, malariap,

filename, output).

13: result← engine.Evaluate(stringformat).

14: return result

The input of VA (i.e., VAINPUT) data is automatically received by a function that extracts the

dataset directly from the underlying database. Among the parameters [17] of the InterVA-4

function, the most important are:

• hivp (HIV prevalence)(0)

• malariap (malaria prevalence)(1)

Others are optional:

• directory, filename (2)

• output (3)

• append

• groupcode
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• replicate etc.

The (0), (1), (2) , (3) represents the values of the function parameters such as hivp,

malariap, filename, output, in which their values are given by the end user. For this

module, the function has to receive these important parameters from a dedicated form

where some optional parameters are added to create an input value set.

The InterVA-4 function of R is executed through the system on the extracted datasets

to obtain the CoD for each deceased. All the content of this result except the values of

the variables ID, MALPREV, HIVPREV automatically generated by the InterVA-4 function can

be exported into Excel 2007 and earlier version (see Figure 4.4). The content of the ID

Figure 4.4: An Extract of Verbal Autopsy Data Interpretation Result

variable is an anonymised individual ID from the HDSS routine database. The content of

the variables MALPREV, HIVPREV is the prevalence of Malaria and HIV given as parameters

during the execution of the InterVA-4 function.

Figure 4.5 shows the cause-specific mortality fraction and the probability of the cause

of death distribution in the population. These results constitute the final results of the

verbal autopsy data interpretation using the InterVA-4 function of R.
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Figure 4.5: An Extract of Cause-Specific Mortality Fraction and the Probability of the CoD Distribu-
tion.

Our tool can also indicate the probability of people to die of a specific disease such

as Malaria, HIV/AIDS, Server Malnutrition, etc. In Figure 4.6, such output is used to

show that the probabilities for Malaria and acute respiration infection in HDSS area are

higher than the rest of the causes of death. All the statistics accompanied by charts are

automatically generated from the VA entered data by this metadata driven module.

4.3 probabilistic cod! (cod!) derivation

The deduction of a cause of death from a predefined set of causes consistent with the

International Classification of Diseases Version 10 (ICD-10) is made with the interVA-4

software and the InterVA-4 R package. The InterVA-4 R package kernel has been imple-

mented based on the model underlying InterVA-4 as published by Byass et al., and uses
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Figure 4.6: Population of CoD distribution

the Bayes theorem to determine the conditional probability of each given cause of death

as a function of a set of events [17]. The events in this context are the signs, symptoms

and circumstances listed in the interview questionnaire whose data are obtained from the

verbal autopsy in the form of a set of binary indicators representing whether the event

occurs or no. Thus, the conditional probability for each cause of death could be calculated

as follows:

P(Ci|I) =
P(I|Ci)P(Ci)

P(I|Ci)P(Ci) + P(I|(1− P(Ci)))P(1− P(Ci))
(4.1)

where Ci represents the i-th CoD and !Ci indicates the compliment of Ci. Over the entire

set of possible CoD, P(Ci|I) is normalised in the form:

P(Ci|I) =
P(I|Ci)P(Ci)∑m

k=1 P(I|Ck)P(Ck)
(4.2)



4.3 probabilistic cod! derivation 37

The InterVA-4 model developed by Byass et al [6]. provides an initial set of unconditional

probabilities for causes of death C1,C2, ...,Cm and a matrix of conditional probability

P(Ii|Ci) for indicators I1, I2, ..., In and causes C1,C2, ...,Cm. A repeated application of the

calculation for each I1, I2, ..., In could be formulated as:

P(Ci|I1...j) =
P(Ij|Ci)P(Ci|Ij)∑m

k=1 P(Ij|Ck)P(Ck|Ij)
, 1 6 j 6 n (4.3)

A sequential loop is performed by the InterVA-4 model on all indicators and truncates

the probability to 0 if it falls below 0.00001 in the process. In reality, only the recorded

indicators are considered by the algorithm in the calculation of the probability. The InterVA-

4 measure is therefore the probability of a given cause, conditioned solely by the observed

indicators, that is to say:

P(Ci|I1...j) =


P(Ij|Ci)P(Ci|I1...j−1)∑m

k=1 P(Ij|Ck)P(Ck|I1...j−1)
, if Ij = 1

P(Ci|I1...j−1), if Ij = 0

(4.4)

The probability for two individuals, therefore, will be conditional on a different number of

indicators if the number of indicators reported to have occurred in the two deaths differs.

This interpretation typically does not feature prominently in the presentation of results.

Instead, a ranking across probabilities within each individual determines the cause classi-

fication.

One of the major challenges of using this model is building a matrix of conditional prob-

abilities P(I|Ci) covering all causes of death [6]. The package InterVA-4 adopted the condi-

tional probabilities and unconditional prior probabilities of the causes from the InterVA-4

software which was estimated from a diversity of sources. In particular, the unconditional

prior causes incorporate minor changes in response to the level of HIV/AIDS and malaria,

which are specified by the user.
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The output of InterVA-4 model is a text file with CSV. Table 1 shows the possible output

for each death record. The MALPREV and HIVPREV come from the input of the user.

No. Variable Description

1 ID identifier from batch file
2 MALPREV selected malaria prevalence
3 HIVPREV selected HIV prevalence
4 PREGSTAT most likely pregnancy sta-

tus
5 PREGLIK likelihood of PREGSTAT
6 PRMAT likelihood of maternal

death
7 INDET indeterminate outcome
8 CAUSE1 most likely cause
9 LIK1 likelihood of 1st cause
10 CAUSE2 second likely cause
11 LIK2 likelihood of 2nd cause
12 CAUSE3 third likely cause
13 LIK3 likelihood of 3rd cause

Table 1: InterVA-4 Output Variables

Given the fact that the sources code of InterVA-4 method and software proposed by Byass

et al. are not readily available (see www.interva.net for further details), this project used

the open source function of InterVA-4 implemented for the R community. This function of

was designed to take the input of VA data and specified model parameters and output an

excel file in .csv format while saving the results in R as well. The call to InterVA-4 function

has the following structure in R:

1: procedure INTERVA

2: if filename = path then

3: InterVA(Input, HIV, Malaria, directory, filename="VA_result",

output="classic", append=FALSE, replicate=FALSE).

With the exception of HIV and Malaria which are required and given by the user in term

of its level/prevalence in the area, the rest of the parameters are optional. The matrix of
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the VA dataset is automatically generated by the platform from the underlying database.

It should be in the form of a data matrix with each row representing a record of VA data.

The matrix should have 246 columns, where the first column is the anonymised ID of the

death record and the rest being 245 binary indicators in the specified order predefined in

the InterVA-4 model.

4.4 geographic information system (gis) layer

OHDSS collects GPS data of all houses in the Demographical Surveillance Area (DSA)

during the HDSS baseline data collection and during the routine data collection for the

new houses. This system must retrieve geographic data on deaths from the HDSS reference

database. To achieve this, the GPS data are automatically extracted and processed from the

DSS reference database through a trigger. Thus, given that each death is related to a house,

a Google map API layer framework has been used to map the HDSS GPS data extracted and

processed as shape files to display on a map, the different causes of death of the deceased

grouped by the CoD broad categories.

This component allows the adding or updating of the CoD broad categories (Communi-

cable, Non-communicable and Injuries) and their related CoD generated by the InterVA-4

function. In Figure 4.7 each red icon represents a CoD of communicable diseases as re-

quested by the user. A click on each icon gives the information on the cause of death.

Other annotated information can be integrated in future work.

It is up to the user to select the area (formal1 or informal2) and to specify the cause

of death category group that the system must display on the online dynamic map. The

dynamic use or display of the distribution of CoD through this map is done by selecting the

area (formal or informal) and entering the group name of the CoD broad category in the

1 Formal areas are areas develop in presence of government planning processes. In some cases, buildings and
neighbourhoods are built legally on agricultural land that is officially assigned for housing and construction

2 While Informal areas concerns the areas where buildings and neighbourhoods are built illegally on agricul-
tural land that is not officially assigned for housing and construction.
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Figure 4.7: Causes of Death Distribution from Communicable Disease in a Formal Area (Tanghin)

reserved text area on the user interface. The area information has been integrated to allow

comparison of CoD distribution on maps of between formal and informal settlements

within HDSS. As this is a dynamic map interface, the entry of the CoD category group

name through the user interface as well as CoDs related retrieval and display through

their GPS coordinates from the database are instantaneous. The CoD distribution on these

two maps concerns the CoD distribution of one informal area of Ouagadougou Urban

HDSS. These types of maps can be used to determine whether the CoD distribution has an

impact or effect on the population area or environment.

4.4.1 Integrating VA Datasets with Google Map API

The Google Maps API is an application programming interface created by Google to

display maps. Among the API widely used in .NET environment for web applications,
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Figure 4.8: Causes of Death Distribution from Communicable Disease in a Informal Area (Nioko2)

this API is suitable for this project because it provides geographic data for maps appli-

cations in .NET. We utilised functions such as google.maps.Map(), map.mapTypes.set(),

map.setMapTypeId() within this API in conjunction with JavaScript and Active Server

Page (ASP.NET) C# to develop the GIS layer. The GPS data associated with the VA datasets is

pulled from the database and sent to google.maps.Map() and document.getElementById()

functions to produce a map containing all CoDs.

4.4.2 Ethical Consideration of Displaying CoD on Maps

Although GIS is considered as one of the most important technologies in the public health,

it has some challenges related to ethical use of personal and health information. However,

there has been advances in protection of privacy and confidentiality [16] of information

that are being used to address challenges.
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In this project, some precautionary measures have been integrated into the platform

(See Apendix C)A.1. The first is through the protection against unauthorised use of the

platform with the Authentication Use Case described in section 4.1.1. The implementa-

tion of this use case obligates each user to be authenticated before access to the module.

Furthermore, the identifiers of deceased individuals have been anonymised by using Safe

harbour [8] character shifting technic. In addition, an integration of GPS data fields such as

roads and street names have been deactivated on the maps to hide HDSS area localisation.

The google API used for causes of death distribution on map has settings to hide area and

road information, which have been customised to take into account some of these ethical

considerations.

The results of this project do not contain any personal identifiers, and the protocol was

approved by the University of the Witwatersrand Human Research Ethical Committee

(HREC). It could be published in a journal according to the university, the Dodowa and

the Ouagadougou HDSSs regulations and standing orders. The protocol of this study was

submitted to and approved by the University of the Witwatersrand Faculty of Health

Sciences Human Research Ethics Committee under the clearance number, M151029 on

25th of November, 2015.

4.5 limitations of the va data management platform

The following are some limitations of the platform and some challenges encountered

during the development:

• Verbal autopsy questionnaires contain multiple skip logics, but our module has not

integrated the management of these skip logics. Thus, an improvement of this verbal

autopsy automatic form generation is left for future work.

• We experienced challenges with translating the generated form to ODK Collect for-

mat. This challenge is due to the complexity of the translation and mapping of
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automatic generated XHTML format and the dynamic questionnaire metadata code

to an XML format that ODK accepts. This area requires further studies that could

propose frameworks that will allow such automatic translation from such dynamic

XHTML to XML as well as the validation of the obtained XML file.

• Further work is necessary to improve data security, due to the sensitive nature of

the personalised health information that this platform produces and operates on.
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I M P L E M E N TAT I O N A N D T E S T I N G

In this chapter, we describe experimental environment and the evaluation of the platform.

5.1 experimental environment

The development of this web application was done with Microsoft’s Visual Studio ASP.NET

Model View Controller (MVC5) tools in a .Net framework 4.6.1 environment. We used the

C# programming language and R.NET which uses the R statistical software engine to

communicate with ASP.NET application. Since the Ouagadougou HDSS live Database

is running on Microsoft SQL SERVER 2014 DBMS, the database component of this ap-

plication was also implemented in the same DBMS. The platform utilised the three-tier

architecture in which the user interface (presentation), functional process logic (business

rules), computer data storage and data access are developed and maintained as indepen-

dent modules as illustrated in Figure 5.1.

5.2 data sources

Due to time constraint, a practical and production study could not be set up to evaluate

this module on actual clinical or health related study. Instead, a sample of completed

verbal autopsy questionnaires and data related to deceased individual data (basic infor-

mation and GPS data) from Ouagadougou (Burkina Faso) and Dodowa (Ghana) HDSSs

have been used as entry dataset. Two different sites were used in order to assess if the

44
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Figure 5.1: Client-Server Software Architecture

system is the best possible fit for the needs of HDSSs and compatible to software of the

hardware resources already in place in the two different operational environments.

Twenty-five and 40 verbal autopsy completed questionnaires with data related to de-

ceased individuals were used from Dodowa and Ouagadougou HDSS respectively. The

VA questionnaire from Dodowa is an adapted version of the 2012 WHO VA question-

naires and those from Burkina was based on the 2014 WHO verbal autopsy questionnaire.

This gives the variation needed for this evaluation. Data related to deceased individuals

were in the same format in term of DBMS type and number of variables, which facilitated

the data integration process.
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5.3 experimental outcomes

5.3.1 Experiments Conducted

The implementation of this system needed the VA dataset from the two HDSS to work.

As such, a process was implemented to allow the integrating of the two VA datasets into

the verbal autopsy snapshot which is incorporated to the Ouagadougou HDSS reference

database.

Figure 5.2: Dodowa and Ouagadougou HDSS VA Data Integration Process.

After this data integrating process, the variables codes of each questionnaire was en-

tered into the verbal autopsy metadata form. At the end of this operation, two types of

verbal autopsy data entry forms were generated. Fifty VA datasets from all the filled VA

questionnaires were entered. Then the verbal autopsy data were converted automatically

to the InterVA-4 matrix data format. The matrix data were then processed and cleaned
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to ensure that the generated matrix matches with the InterVA-4 format defined by Byass’

InterVA-4 software. Throughout this process, the system was checked for data integrity

and data quality based on the InterVA-4 Matrix data format requirements. Our tool has a

utility that exports the InterVA-4 matrix data for CoD data interpretation with the Byass’

InterVA-4 software or another software which accept the InterVA-4 matrix data format.

The obtained InterVA-4 matrix data allowed the automatic CoD interpretation with var-

ious parameters selected according to the user’s need. This selection of parameters was

only provided by the InterVA-4 function of R and not by the Byass’ InterVA-4 software,

which has less parameters. The selection of the deceased subject’s ID in the data entry pro-

cess allowed the joining of the individual and his or her GPS data automatically. Once the

CoD interpretation process was completed, the distribution of CoD could be dynamically

displayed on maps.

5.3.2 Discussions

The WHO Verbal autopsy questionnaire can be adapted by the research centre to local

cultural specifications and practical considerations. However, in the translation of ques-

tions responses of the WHO verbal autopsy questionnaire for VA data interpretation, the

data format must be consistent with the InterVA-4 matrix data format. While the InterVA-

4 algorithm gives satisfactory CoD data interpretation, it is recommended that research

centres or researchers directly perform interpretation using InterVA-4 software which is

exclusive of the VA management platform. The VA questions of InterVA-4 matrix and

the questions of WHO verbal autopsy questionnaire must be identical to facilitate the

mapping between these two verbal autopsy questions responses.

With the development of this new system, the upgrading and mapping of interVA-4

Matrix questions to that of WHO verbal autopsy is seamless. The 2016 WHO verbal au-

topsy is about to be introduced, making this tool relevant. With the rise of other tools such
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as Tariff and InSilicoVA for CoD data interpretation, questions of InterVA-4 matrix must

be concomitantly upgraded to be consistent with WHO verbal autopsy questionnaire ver-

sions to facilitate question mapping and interpretation. In our evaluation, this consistency

checking was performed. The mapping was successful irrespective of the version of the

WHO VA questionnaire.

There are vital indicators to consider in comparing our platform to the original InterVA-

4 software. First, both InterVA-4 of R and Byass’ InterVA-4 software work with Common

Separate Value (CSV) file. This requires manual work to prepare the csv file and some

skills in R scripts or even in statistics. In general, the use of these verbal autopsy data inter-

pretation software needs data science background skills, whereas the developed metadata

driven module is accessible to individual having little analytics skills.

Secondly, contrary to Byass’ InterVA-4 software and the InterVA-4 of R, this metadata

driven module allows verbal autopsy data management through conventional DBMS. The

use of R.NET framework in the project allowed the integration of the CoD data interpre-

tation results into the DMBS. The distribution of the CoD on the maps allows researchers

to distinguish between the communicable or non-communicable diseases or injuries, and

between formal and informal settlements of the two HDSS (Ouagadougou and Dodowa).

This distribution of causes of death has shown that over 75% of the CoD related to com-

municable deceases such as malaria are present in the two types of settlements. However,

diseases like diarrhoea and pulmonary tuberculosis are more prevalent in the informal

settlements than the formal area. This could be attributed to poor living conditions in

these areas. When we exported the InterVA-4 matrix data from this platform to be inter-

preted by the Byass’ InterVA-4 software, it showed slight differences in the CoD proba-

bilities generated by our platform and that of Byass’ InterVA-4 software, but within the

margin of error. Indeed, our module based on R implements rounding differently from

Byass’ InterVA-4 software. That occasionally leads to different result. Such irregularities

in rounding have only a partial influence on the final results, commonly less than 1% in

the calculated likelihood.
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O P E R AT I O N A L U S E C O N S I D E R AT I O N S

This chapter highlights the factors and elements that must be taken into consideration in

the operational implementation of the platform in health and demographic surveillance

systems.

6.1 differences among hdss sites

Given that the data model of an HDSS is structured on a defined geographical distribution,

each HDSS database design and build are different. In addition, HDSSs use different types

of Relational database management systems (RDBMS) to manage their large volumes of

data collected over long periods. Some HDSS use proprietary RDBMS system such as

Microsoft Access and Microsoft SQL Server (MSSQL), and others use generic systems

specifically created for HDSS such as Household Registration System (HDS) or Open-

HDS. Some of these DBMSs are empowered to manage and process large volumes of data,

and others such as Microsoft Access, Microsoft FoxPro are not advised. Another important

point is that some HDSSs, apart from being a member of the INDEPTH Network, are also

members of others research networks such as RTS, S-Clinical Trials Partnership and the

Alpha Network. That is due to the difference in the needs and the research areas of

HDSS researchers. In addition to these differences, there are different methods of creating

the identifiers assigned to households and individuals, the naming of the attributes of

the various relations (tables) and the operating system environment. In some HDSSs,

households IDs are embedded in individuals ones explicitly, while in others this is not

the case. For example, in the urban HDSS of Ouagadougou (Burkina Faso), individuals
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ID are made up of 19 digits from which the first 12 digits referred to the household ID,

but in the rural HDSS of Dodowa (Ghana), the household ID does not form part of the

individual’s IDs.

All deceased individuals on whom verbal autopsy data must be collected are residents.

A resident person in the HDSS is a person who has stayed in the HDSS area for a certain

period of time, and the time period varies from site to site. Additionally, some HDSS have

three or four rounds of routine data collection per year while others for financial resource

reasons have one round of routine data collection in the year.

6.2 operational use considerations for hdss sites

In the development of this platform, an effort has been made to minimise the previously

mentioned differences between HDSSs. However, given the complexity of naming the

entity variables or attributes of each HDSS, the platform was unable to integrate this

difference in order to facilitate the extraction of some data from the death event table in

the InterVA-4 matrix. In addition, a view was created in the platform database to give each

HDSS the ability to integrate these death data using routine collection as well as renaming

the variables to be in line with those of the platform. The database of this platform was

designed with Microsoft SQL Server which is the DBMS used by the urban HDSS of

Ouagadougou, Dodowa and Agincourt HDSS. The connection to the database under SQL

server has been integrated into this platform through a form. This form allows users

to enter the database connection settings to allow the platform to access the database.

The use of a different DBMS from that used by the platform requires an integration of

the drivers of this DBMS. This integration will require a code modification as well as a

recompilation of the application. After the connection to the database, the form creation

process can then start. A stored SQL procedure integrated in the system must be updated
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in order to conform the names of the variables with the new database for the extraction

of the relevant VA dataset as well as the GPS data for the GIS layer.

6.2.1 Recommendations for Deployment and Usage

The tests were carried out on the data from the Dodowa and Ouagadougou Health and de-

mographic surveillance systems. Considerations to be taken into account for other HDSS

include the following:

• Since each type of VA questionnaire is adaptable by each HDSS, it is strongly recom-

mended to retain the codification of the existing variables names (e.g. 3A260, 3A270,

etc.) on the WHO VA questionnaires.

• This module was developed to work with MSSQL Server. An extensive design is

recommended to handshake with order Database engines.

• The use of this application in a Linux environment requires the use of the Mono

module for the hosting of ASP.NET web applications using apache type web ser-

vices.
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C O N C L U S I O N A N D F U T U R E D I R E C T I O N S

The WHO Verbal Autopsy questionnaires used by several INDEPTH research centres can

be adapted to take into account local contextual factors. Thus, in this project we have devel-

oped a metadata-driven VA data platform for adequate data management for VA datasets.

The platform also accommodates version changes to the WHO VA questionnaire without

the intervention of an application developer. The INDEPTH network encourages all HDSS

to use good data management practises and relational database management systems to

manage VA datasets. This project will help HDSSs to implement these recommendation.

We implemented a web application as a unique tool that help data managers with verbal

autopsy data collection, processing as well as interpretation. Data collected using verbal

autopsy instruments are entered through an automatically generated verbal autopsy form.

Our platform also incorporates a layer that interprets VA dataset and provides cause-

specific mortality fractions of individuals who died in the HDSS area. This automatic

interpretation of verbal autopsy data is based on the conditional probability of InterVA-

4 function of R incorporated in this layer. The platform provides utilities that allows

researchers and data managers to display CoD on maps through a GIS layer. This work is

a step towards VA data sharing and cross sites VA investigations and research efforts.

The following activities have been identified for future work:

• The system can be improved by providing annotated information for the CoD dis-

tribution on maps. This has been earmarked for future work.

• At the present stage, our module has not integrated the management of skip log-

ics in the automatic CRF generation. Thus, an improvement of this verbal autopsy

automatic form generation is left for future work.
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• Implementation of a module to facilitate plug and play APIs for the integration of

other clinical or cohort studies databases.
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a.1 use case description

Figure 3: Use Case Description
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Figure 4: Use Case Description-Continuation

a.2 verbal autopsy instrument and relational model

Since the VA questionnaire is too long, below is a web link to it:
http://www.who.int/healthinfo/statistics/verbalautopsystandards/en/
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Figure 5: Relational Database Model for the VA Data Platform
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